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Chapter 1
Introduction
H istory
In 1987, the Nobel Prize in Chemistry was awarded to Donald J. Cram, Jean­
Marie Lehn, and Charles J. Pedersen “for their development and use of mo­
lecules with structure-specific interactions of high selectivity” [1]. It was a 
recognition for the synthesis of complex molecules and their importance in the 
emerging research field of supramolecular self-assembly. In this field, carefully 
designed (organic) molecules are used as building blocks for larger structures 
with a nano- or microscopic length scale, so called supramolecular aggregates. 
For such a bottom-up process, it is important to control intermolecular inter­
actions in the same way that a synthetic chemist controls the formation of 
covalent bonds. Although these non-covalent interactions, like hydrogen bond­
ing, 7r-7r interactions and Van der Waals forces are relatively weak compared to 
a covalent bond, life would not be possible without them: the double helix of 
DNA is one of the most important examples.
In the last decades, the field has greatly expanded, and the discoveries of 
Cram, Lehn and Pederson have proven to be of great use. Driven by the minia­
turization of electronics and the rise of nanotechnology, supramolecular self­
assembly emerged as an attractive strategy for the bottom-up design of small 
structures and devices [2]. Compared to top down methods like lithography, 
it has many advantages. Extremely small structures can be made, the pro­
duction of the molecular building blocks is very versatile and relatively cheap, 
the aggregates can easily be processed in solution and have the possibility of 
self-repair. Because of the weak interactions, a dislocated molecule can be read­
justed or replaced, to restore the internal periodicity. This has lead to a variety 
of nanostructures with different shapes and sizes, i.e. wires, ribbons, spheres 
and cylinders [3-6].
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Prom an application point of view, this approach has been very successful, 
with examples in sensors, memory elements, catalysts, artificial light harvesting 
complexes and drug delivery systems [7-12]. Prom a scientific point of view, 
the formation is a fascinating research topic in itself, and it allows for studying 
physical phenomena on the nano-scale, like confinement effects [13] or trans­
portation of light [12,14], attracting a diverse group of scientists to the field 
of supramolecular self-assembly. The efforts that merited the Nobel Prize were 
of a chemical nature: the synthesis of new and complex molecules. In the last 
decades, it has evolved into a truly interdisciplinary field: chemistry is required 
for the synthesis of the molecular building blocks, complex biological systems 
provide inspiration for the design, and physics is required for characterization, 
modeling and understanding the properties of supramolecular assemblies.
Progress and challenges
The joined efforts of the different disciplines have lead to great progress over 
the years, indicated by the numerous examples of self-assembled nanostructures. 
Although many questions have been answered, there is still a long way to go. 
Here, we mention some successes and challenges.
Many important factors influencing the type of aggregate (i.e. the shape 
and internal organization) have been identified. Both external influences like 
solvent, temperature and pH, as well as molecular properties like solubility and 
the size of the conjugated area. For example, for “simple” amphiphiles it is 
known that increasing the carbon chain length causes a change from cylindrical 
to spherical micelles [15]. For 7r-conjugated organic molecules, several interac­
tions are involved, making a prediction of the aggregate type very difficult. A 
structural variation of the different parameters is required to reveal the indi­
vidual contributions.
Things get even more complex when multiple types of building blocks are 
involved within a single aggregate. Examples are hybrid materials that consist 
of organic molecules and inorganic material, using one material to steer the 
aggregation of the other [16,17]. Other examples are templated assemblies to 
control the aggregate size [18]. Self-assembly gives a broad size distribution of 
aggregates, whereas most applications rather require a well-defined aggregate 
size. However, making nanostructures with a monodisperse pre-defined size, 
still remains a formidable task.
Several theoretical models have been successfully developed, and some im­
portant factors that determine the type of aggregation have been identified, 
like electronic, structural of hydrophobic effects [19,20]. In many cases, inspi­
ration for kinetic- and thermodynamic models was found in present biophysical
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literature on the aggregation of proteins. The requirement that a system mini­
mizes its free energy leads to the formation of complex ordered structures. To 
extract the relevant parameters and translate them to molecular properties, 
those models have to be compared to different aggregation processes.
The number and quality of techniques to characterize aggregates have se­
riously grown. The toolbox of a modern supramolecular scientist ranges from 
microscope techniques, spectroscopic techniques, scattering techniques to scan­
ning probe techniques; all giving different pieces of information about the aggre­
gates, which need to be combined to obtain the complete picture. Improving the 
techniques will lead to an increasing understanding of the process of aggregate, 
and magnetic fields can play an important role here.
A magnetic field gives a well-defined, contact free, nondestructive, homo­
geneous force on many type of objects. For example, magnetic fields have 
been used in the past as an alignment tool for liquid crystals, protein crystals, 
polymers and biological systems [21-24]. However, magnetic fields are also 
ideal for aligning and studying supramolecular aggregates, providing a valuable 
addition to the toolbox. Despite the limited availability of strong magnetic 
fields, the rare use of this technique is remarkable. The organic molecules 
used for self-assembly are anisotropic, to achieve directionality in the inter­
molecular non-covalent interactions [2]. Consequently, the magnetic and opti­
cal properties of the molecules are also anisotropic, which enables the magnetic 
alignment of aggregates and the measurement of the alignment using linear 
birefringence [25,26]. The degree of alignment depends on the size, flexibil­
ity, internal organization and the degree of order of the entire aggregate. The 
use of magnetic fields is therefore a great step forwards compared to existing 
characterization methods.
R esults
The experiments in this thesis use the induced alignment to investigate dif­
ferent supramolecular aggregates in high magnetic fields. We have measured 
aspects like the type of aggregate, the internal organization, and the kinetic and 
thermodynamic properties of the formation process. We focus on fiber shaped 
or semi-one-dimensional aggregates in solution, which are of special interest. 
Most importantly, they are excellent model systems. Describing the growth 
and kinetics in the case where aggregates can break and recombine, and where 
molecules can only attach and detach at the end of the aggregate, is easier 
than modeling 3D structures. In contrast to solid aggregates, they allow for an 
investigation of the flexibility, which is an indication for the type and strength 
of the intermolecular interactions. Additionally, these type of aggregates are
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promising materials for nanoscale components in supramolecular electronics, 
optical waveguides, or as thermo-reversible gelators [14,27-30].
We have investigated cylindrical thiophene aggregates, flexible cyanine fi­
bers, chiral oligo-phenylenevinylene stacks and shape-persistent macrocycle ag­
gregates. The aggregates were formed by dissolving the monomers in a proper 
solvent, and forcing the aggregation by cooling or ion-addition. We have found 
that all the aggregates align in a magnetic field. Exploiting this alignment to 
measure the size and internal organization, we have found that the aggregation­
type of the thiophene molecules drastically changes when slightly changing the 
solvent. The process is irreversible, one practically cannot switch back and 
forth between the two structures. For the cyanine fibers, a reversible change 
of the aggregate morphology can be induced by a magnetic field: applying a 
magnetic field transforms the flexible fibers into rigid rods.
In addition to external influences, the chemical properties of the molecule 
are important for the aggregation. For the macrocycles, we have found that the 
long polystyrene tails slow down the formation of ordered aggregates, allowing 
us to link the kinetics to molecular properties. For the oligo-phenylenevinylene 
molecules, the temperature induced growth was compared with theoretical mod­
els. We have found that the properties of the conjugated core probably causes 
the assembly process to be a cooperative process.
All these effects were found by investigating the behavior of the aggregates 
in strong magnetic fields. This technique provides information that cannot be 
obtained by other methods, giving a valuable contribution towards an improved 
understanding on many aspects involved in the formation of supramolecular 
aggregates.
O utline
This thesis is organized as follows: chapter 2 describes the theory of the align­
ment of supramolecular aggregates in a magnetic field. We can calculate the 
degree of alignment and the induced birefringence, both the molecular- and 
form birefringence, for aggregates in solution with any size, shape and internal 
organization. The only required parameters are the molecular static polarizabil- 
ities, which can be calculated using MOPAC, and the molecular diamagnetic 
susceptibilities, which can be estimated by summing the contributions from the 
individual chemical groups [31]. This allows for a quantitative interpretation 
of magnetic birefringence data, allowing for an accurate measurement of the 
aggregate size and a determination of the internal structure of the aggregates.
Chapter 3 describes the use of laser light scattering to measure the size and 
shape of aggregates in solution. An overview is given of the experimental setup
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and sample preparation, and the principles of dynamic and static light scat­
tering are discussed and illustrated with a few examples. In a magnetic field, 
the orientational distribution function of the aggregates changes and thereby 
the diffusivity. We discuss the consequences of the alignment for a light scat­
tering experiment, and show that this improves the accuracy in the case of 
anisotropically shaped aggregates.
Chapter 4 describes cylindrical aggregates of sexithiophene molecules. The 
use of X-rays on magnetically aligned aggregates allowed us to reveal the shape 
and internal aggregate structure: a multi-walled rigid cylinder, which is consid­
erably different from aggregate types found in other solvents. The aggregates 
of this semiconducting material can thus be tuned by using different solvents, 
which allows us to build nanostructures with desired functionalities, especially 
in combination with the alignment in a magnetic field.
Chapter 5 deals with fiber shaped aggregates of thiacyanine molecules, 
which show the peculiar behavior of a changing flexibility in a magnetic field. In 
only 2 T, the fiber morphology changes from a flexible fiber, with a persistence 
length of a few micrometer, to a completely rigid rod. To investigate the origin 
of this reversible change, we have characterized the magnetic properties of the 
fibers, using a complementary set of techniques, including magnetic birefrin­
gence, polarized absorbance and small angle X-ray scattering. We have found 
a simple brickwork arrangement of the thiacyanine molecules in the fiber, and 
that the rigidification of the fibers is caused by a field induced change in the 
internal structure.
Chapter 6 focuses on the formation mechanism of oligo (p-phenylenevinylene) 
aggregates. Using light scattering and magnetic birefringence in addition to 
spectroscopic techniques and atomic force microscopy, we succeeded in a full 
characterization of the aggregate growth, and we have determined the corre­
sponding thermodynamic parameters. A proper understanding of the growth 
mechanisms allows for a better tuning of the supramolecular aggregates and 
their properties to have the desired functionalities.
The last chapter shows that magnetic alignment can be used to determine 
aggregation kinetics. After cooling a monomeric solution of macrocycle mole­
cules, we find a fast formation of disordered objects, followed by a very slow 
transition to ordered fibers. The slow transition is probably caused by the 
polystyrene tails attached to the molecular backbone. Linking aggregation ki­
netics to molecular properties, will lead to a better understanding of the mech­
anisms by which molecules self-assemble, allowing for a more rational design of 
the molecular building blocks.
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Chapter 2
Using m agnetic birefringence 
to determ ine the molecular 
arrangement o f supra- 
molecular nanostructures
Abstract
Supramolecular aggregates can be aligned in solution using a magnetic field. Be­
cause of the optical anisotropy of the molecular building blocks, the alignment 
results in an anisotropic refractive index of the solution parallel and perpen­
dicular to the magnetic field, which enables the determination of the molec­
ular organization within supramolecular aggregates. This chapter describes 
a model for calculating the magnetic birefringence, using solely the magnetic 
susceptibilities and optical polarizabilities of the molecules, for any molecular 
arrangement.
Part of this work has been published in:
Gielen, J.C., Shklyarevskiy, I.O., Schenning, A.P.H.J., Christianen, P.C.M., Maan, 
J.C., Science and Technology of Advanced Materials, 10 (1), 014601, 2009.
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Introduction
To gain a better understanding of the self-assembly process, it is important to 
develop methods by which the molecular arrangement within aggregates can be 
resolved, preferably in solution. The molecular arrangement is usually deter­
mined on a substrate in the solid state, which has the drawback that the molec­
ular structure might be influenced by the underlying substrate or by drying 
effects of the evaporating solvent [1]. Here, we describe a method to determine 
the molecular structure in solution using magnetic birefringence. Our method 
makes use of the fact that the organic molecules used for self-assembly are 
anisotropic, to achieve directionality in the intermolecular non-covalent inter­
actions [2]. Consequently, the magnetic and optical properties of the molecules 
are also anisotropic, which enables the magnetic alignment of aggregates, and 
the measurement of this alignment using birefringence. This chapter describes 
a model that relates the magnetic birefringence to the molecular structure and 
shape of the aggregates.
The model is an alternative formulation of Levy’s method [3], and describes 
the magnetic anisotropy in the refractive index of an aggregate solution, ac­
counting for both the form birefringence caused by an anisotropic aggregate 
shape, as well as the intrinsic birefringence due to anisotropic optical polariz- 
abilities. The only input parameters of our model are the molecular magnetic 
susceptibility and optical polarizability tensors, as opposed to Levy’s model in 
which the anisotropic refractive index is described in terms of the anisotropic 
refractive indices of the objects in the mixture. Although the refractive index 
and the polarizability of an aggregate are related through density, the relation­
ship between the aggregate volume and the number of molecules involved is not 
always unambiguous, particularly for small aggregates. It is, therefore more 
convenient to express the refractive index of the mixture in terms of molecu­
lar polarizabilities, which are often available in literature and can be readily 
calculated.
M olecule in a m agnetic field
The magnetic moment induced in a molecule in an applied magnetic field de­
pends on the molar magnetic susceptibility
j(  Xxfx' 0 0
x = 0 Xy’y’ 01^ 0 0 Xz’z1
where the x', y' and z'-axes are the principle axes of the molecule (Figure 2.1).
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Figure 2.1: Schematic representation of a molecule in a magnetic Geld. The 
(x',y',z') axes represent the principle molecular axes which are rotated over 
the Euler angles 6 and ip with respect to the lab axes (x,y,z). The magnetic 
Geld B is directed along the z-axis.
In general, the diamagnetic susceptibility of an organic molecule is given 
by the sum of all contributions of the different chemical groups [4]. Since the 
susceptibility of most chemical groups is known, it is relatively straightforward 
to calculate the susceptibility of the molecular building blocks. Values of fre­
quently occurring chemical groups are given in Table 2.1, an extensive table 
can be found in reference [5].
In an external magnetic field B , the induced magnetic moment is
*  =  l £ r * - s ' ( 2 ' 2 )
with hq being the permeability of free space and N a the Avogadro’s number. 
The energy related to the induced moment is given by
E  = — f rh-dB . (2.3)Jo
For anisotropic molecules, E  depends on the orientation of the molecules with 
respect to the magnetic field direction.
The magnetic field vector, which is in the positive ^-direction, can be trans­
formed to the molecular frame using the Euler transformation matrix [6]. In 
the molecular frame, B  is then given by
B  sin(^>) sin(0)
B  =  [ B  cos (ip) sin(0) | . (2.4)
B cos(9)
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t y ' X'
z ® -------- ►  1 0 - 1 2  m3/mol
Bond/Molecule Xx'x' Xy'y' Xz'z' Ref.
C-C Xx'x' Xx'x'~^ ~^ -^ X x ' : e ' -I- 1 6 [4 ]
Q I
I
Q Xx'x' Xx'x'~1 0 3 Xx'x'~1 0 3 [4 ]
Q II
I
Q Xx'x' X z V - 4 6 5 X i ' a : ' - 4 6 5 [4 ]
Q I
I
O Xx'x' Xx'x'~ Xx'x'~ [4 ]
Benzene - 4 3 9 - 4 3 9 - 1 1 8 9 [5 ]
0s Xx'x' X i ' a : ' + 4 . 1 9 X i ' a : ' - 6 2 7 [5 ]
a Xx'x' Xx'x'~3 6 . 0 X i ' a : ' - 5 0 4 [5 ]
NH
k / Xx'x' Xx'x'~^'^‘3 X a : ' a : ' - 5 6 5 [5 ]
c ^ C \ c Xx'x' Xx'x'~^ ~^ ^ Xx'x'~ [5 ]
o
/
O\
o
Xx'x' X x ' x ' + 4 9 X x ' : e ' -I- 8 2 [5 ]
k / - 4 5 1 - 4 6 6 - 1 0 5 6 [5]
Table 2.1: Experimental principle diamagnetic susceptibilities for the chem­
ical groups needed for the supramolecular aggregates described in this thesis. 
When only the anisotropy is reported in literature, Xy'y' and Xz'z' are ex­
pressed in terms of Xx'x' ■
This leads to an expression of the increase in energy due to the magnetic field 
AE  as a function of the Euler angles 0 and ip (omitting the terms independent 
of the molecular orientation)
B 2A E  =  ~ o. at [(**'*' ~  X y ' y ' )  s in 2 ( ip )  sin2(0) +  (xz'z> ~  Xy'y') C O S 2 ( 0 ) ]  . (2.5) Z [ lo l\a
Note that the Euler rotation described by the angle 0 represents a rotation 
about the magnetic field axis, that does not affect the magnetic energy of the 
molecule.
For individual molecules, AE  is typically very small compared with the 
thermal energy kf,T, and therefore it is not possible to align individual molecules 
with the static magnetic fields that are currently available (30-45 T). However,
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for an aggregate consisting of N  molecules, the torque on the aggregate can be 
large enough to overcome the thermal randomization when NAE(9,4>) > fc&T. 
In such a case the degree of alignment is determined by a Boltzmann distribution 
function ƒ (0, ip)
NAE(e,ip)
f { 9 , i P )  = e W  .  ( 2 . 6 )
For AE  to be comparable to fc&T (with B  = 2 0  T and T  =  2 9 3  K, then 
kf,T «  0 . 0 3  eV and AE  «  1 0 - 6  eV per molecule), roughly 1 0 4  to 1 0 5  molecules 
are needed in an aggregate, for a typical molecule consisting of 4 planar phenyl 
rings (Ax =  X * v X x ' x ' = - 3 0 0 0 - 1 0 - 1 2  m3/mol).
Shape anisotropy
In addition to the magnetic alignment due to the anisotropy in the magnetic 
susceptibility, an alternative alignment mechanism exists for large aggregates 
of anisotropic shape, due to the demagnetization [7]. When a cylindrically 
symmetric object with isotropic susceptibility x  is placed in a magnetic field H, 
a magnetization M  is induced. At the outer edges of the object, fictuous surface 
“poles” are formed (see Figure 2.2) producing an internal demagnetizing field 
Ha directed opposite to the magnetization. The demagnetizing field is related 
to the magnetization via the dimensionless demagnetizing factor D
Hd = -D M .  (2.7)
The demagnetization causes the object to feel an apparent field Happ
M  = xHapp = x (H  -  D M ), (2.8)
which can be rewritten as
M  =  Y T d ^ B  =  x - * a - (2 -9 )
For objects embedded in a medium with susceptibility %m, the apparent sus­
ceptibility Xapp becomes [8]
X  X m
when written in terms of permeabilities =  hq(\ +  Xm) and fi = Ho(l +  x)- 
The susceptibility of the solvent is typically 1 to 2 orders of magnitude smaller 
than the susceptibility of a supramolecular aggregate.
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Figure 2.2: The demagnetizing Geld for a diamagnetic object oriented with 
the long axis along the magnetic Geld. The Gctitious surface poles are drawn 
at the boundaries.
The demagnetizing factor is a purely geometrical factor, which is different 
along different axes of the object (.Dy along the long axis and D± along the 
short axis), resulting in an apparent anisotropic susceptibility
A X  =  Xapp, | |  —  Xapp,±. =  j  ^  ~  1  +  D±X
For ellipsoidally shaped objects, the demagnetizing factor can be calculated 
analytically [9]. Table 2.2 lists some depolarizing factors for limiting situa­
tions. For non-ellipsoidal objects the depolarizing factors need to be calculated 
numerically.
The anisotropy caused by the demagnetization can induce alignment of large 
aggregates. However, the energy involved in this process is typically much 
smaller than the molecular AE  of equation (2.5), and is therefore neglected for 
the supramolecular aggregates considered in this thesis. For example, for the 
case of the thiophene aggregates described in Chapter 4, the anisotropy caused 
by the demagnetization is four orders of magnitude smaller than the molecular 
anisotropy.
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Object Demagnetizing factors
Sphere Dx =  Dy =  Dz =  1/3
Infinite cylinder parallel to long axis 
perpendicular to long axis
£>11 = 0  
D± = 0.5
Infinite plane parallel to the plane 
perpendicular to the plane
£>11 = 0  
D± = 1
Table 2.2: Demagnetizing factors for some limiting configurations.
Refractive index of aligned aggregates
The magnetic orientation of aggregates leads to a difference in the refractive 
index of the solution parallel and perpendicular to the magnetic field. We calcu­
late this magnetic birefringence incorporating two contributions: the intrinsic 
birefringence due to the anisotropic molecular polarizability [10] and the form 
birefringence caused by an anisotropic aggregate shape [11]. In the following, 
we limit ourselves to aggregates that are small with respect to the wavelength 
of light, which allows us to use an electrostatic approximation. We consider 
the solution as a host dielectric with refractive index ri\ and we describe the 
aggregates as inclusions in this host medium. The electric field E q applied over 
the overall system can be expressed in terms of the field E s in the inclusions
Figure 2.3: Schematic representation of the aggregates and the electric Gelds 
in solution. The (x", y", z") coordinate system represents the aggregate axes. 
The magnetic Geld B points in the z-direction
15
2 Magnetic birefringence
and the field Ei in the host medium near a dielectric (Figure 2.3), using the 
effective medium theory [11]
f ( E s )  +  { \ -  f ) E t =  E 0, (2.12)
where ƒ is the volume fraction of the aggregates, and the brackets < . . .  > 
denote an orientational average.
Similar to the depolarizing field, the effective electric field within the ag­
gregate is lower than the field outside because of the form birefringence: the 
induced surface charges at an anisotropically shaped object reduce the electric 
field inhomogeneously. The shorter the aggregate is along a certain direction, 
the more the field will be reduced. The reduction k describes the ratio between 
the field inside and outside the inclusion as E s = kEi ,with
k =  0 Ka,y"y" 0 I (2-13)
'ja,x"x" 0 0
0  0
0 0 Ka,z"z"
9
n i
i
and
Ka,ii  =  2 i ( t  J  \  2 ’ * =  *  ’ V  i Z  (2 -14)(1 d atn )n ^
where da,u represents the depolarizing coefficients along the different aggregate 
axes (the axes with double prime indicate the principle axes of the aggregate), 
and rif is the average refractive index of the aggregate. Since the form birefrin­
gence is usually a small effect, a typical refractive index for conjugated organic 
molecules of rif «  1.6 — 1.7 [12] [13] can be used without the need to calculate 
the exact refractive index for the aggregate configuration. The depolarizing 
coefficients are equal to the demagnetizing factors (Table 2.2).
Equation (2.12) can be rewritten as
4 - ( w f + / w  ( 2 ' 1 5 )
The denominator term accounts for the influence of an aggregate on the electric 
field experienced by the other aggregates. If rif > n \, the denominator term 
is larger than unity, and the effective field experienced by the aggregates is 
reduced.
The intrinsic birefringence is described in terms of the aggregate polariz- 
ability
a  = , (2.16)
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where a*«*« is the polarizability along the principle axes of the aggregate and 
is obtained by spatial averaging of the molecular polarizabilities over the 
orientations of the molecules within the aggregate. The magnetic susceptibility 
of the aggregate Xi"i" is obtained in a similar fashion.
The dipole moment induced in the aggregate is then
_ _  kaE 0 . .
P ’  ( ! - ƒ )  +  ƒ ( * ) '  ( ' )
Since the relation between the applied electric field, the electric displacement 
D  and the polarization P  is given by < D  > =  ii\E q-\- < P  > =  emEo, we find, 
for the dielectric constant of the mixture,
,  _  „2 f  . n l Npcm < k a >  /(> 1 o \
with I  the identity matrix. This tensor expression for the dielectric constant 
contains three diagonal components: emtZZ parallel to the magnetic field di­
rection, and emtxx = em,yy perpendicular to the magnetic field direction. It 
includes both the form birefringence via k  and the molecular polarizabilities a, 
and also accounts for the fact that the effective electric field is reduced owing 
to the presence of the aggregates.
The actual magnetic birefringence is now given by the difference of the 
refractive indices parallel and perpendicular to the magnetic field direction
An =  n\\tB -  n±tB (2.19)
_ t  fo ( v ^  -  VO sin(6)d0di/>
t  fo f ( 6 ’ VO sm(e )d ed ip
(2.20)
Theoretical exam ples
We illustrate the role of the two components of the birefringence, the form 
and the intrinsic birefringence, by two theoretical examples. In the first case, 
we consider a cylindrically symmetric situation where Xx"x" =  Xy"y" ^  Xz"z" 
and a xnxn = a ynyn < a znzn , and we apply these parameters respectively to a 
cylindrical aggregate, a spherical aggregate and a disc-shaped aggregate. Figure 
2.4 shows the resulting birefringence together with a schematic picture of the 
aggregate in the high-field-limit orientation. In this situation, the aggregates 
align with their z"-axis, which is the axis of highest polarizability, parallel to 
the magnetic field. For the cylindrical aggregate, the birefringence is enhanced
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by the form birefringence compared with the spherical aggregate, since the 
effective polarizabilities a x»x// and a y»y» are reduced due to the depolarization 
effect. The disc-shaped aggregate exhibits a reduced value of the birefringence 
because, now, the polarizability a z"z" along the symmetry axis is diminished 
by the form birefringence.
Figure 2.4: Influence of the shape of the supramolecular aggregate on the 
magnetic Geld induced birefringence. The corresponding depolarizing coeiE- 
cients da:i”i» are given in the Ggure legend. The aggregate shapes are drawn 
schematically in the energetically most favourable orientation when the mag­
netic Geld points upwards. The parameters used for the calculations are 
y xiixii = y„//„// = 4yZnzii = —4000 x 10-12 m3mol~1, a xnxn =  a v"v" =  
0.5a zuz„ =  200 au, C=10~3 M, f= 1 0 ~4, m  = 1.4, nf  = 1.6, N  = 2 x 106 and 
T =  293 K.
To illustrate the intrinsic birefringence, we consider disc-shaped aggregates 
composed of molecules with susceptibilities Xx'x' -, Xy'y' and Xz'z' and polarizabil­
ities a xixi, a yiyi and a z>z> using typical parameters for 7r-conjugated oligomer 
molecules: Xx'x' ~  Xy'y' »  Xz'z' and a x'x' > a y'y' > a z'z'- The magnetic 
birefringence depends on the way the molecules are oriented within the ag­
gregates. Figure 2.5 shows three simple configurations: a linear arrangement 
(top right panel, red solid line), a radial arrangement (middle right panel, 
green dashed line) and a herringbone arrangement (bottom right panel, blue 
dotted line). Because of the molecular orientation within the aggregate, we 
find olxhxh =  otyiiyii =  0.5otyiyi +  0.5cslzizi and olzhzn =  olxj xj for the linear 
configuration, otx"x" — cxynyn — 0.5cnxtxt “I- 0.5cnztz* and otz"z" — ^y'y' for
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the radial configuration, and olx»x» =  az/z/ cos2 ( 77) +  ax/xr sin2 (77) , ay//y// =  
a zrzr sin2 (77) + ax'x' cos2 (77) and o v v ' =  <^2/ 2/  f°r the herringbone configuration, 
where 77 is the herringbone angle of the molecules with the y"-axis. For the 
aggregate susceptibilities x v v  we similar expressions in terms of molec­
ular susceptibilities xvv- All three configurations align with their symmetry
Figure 2.5: Theoretical magnetic birefringence curves for disc shaped aggre­
gates. Both the shape of the curve and the saturation value strongly depend 
on the molecular orientation within the aggregate. The three situations corre­
spond to a linear (solid red line), radial (dashed green line) and herringbone 
(dotted blue line) arrangement perspectively. The parameters used for the cal­
culations are Xx'x' — Xy'y' =  —1000 x 10- 1 2  m3mol~1, X z'z' — —4000 x 10- 1 2  
m3mol~1, a x / x r =700 au, a yryr=400 au, o l z i z > =100 au, C=10~3 M, f= 10~ 4, 
n i= 1 .4 , r if= 1 .6 , N  =  2 x 106 , dxx =dyy =0, dzz= l, T =293 K  and herringbone 
angle rj=65 degrees.
axis along the magnetic field, with the molecular ¿/-axis perpendicular to the 
magnetic field. For the linear configuration, we find a positive birefringence be­
cause the molecules align with their highest polarizability axis (x ') parallel to 
the magnetic field. For the radial arrangement, the molecular y1-axis is parallel 
to the magnetic field, resulting in a negative birefringence. The absolute value 
of the birefringence is lower than that in the linear case because the molecular 
x'-axis is allowed to rotate about the magnetic field axis. The herringbone ar­
rangement results in a two-step alignment process that gives rise to the peculiar
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shape of the birefringence curve. In high fields, the birefringence is equal to the 
radial aggregate, because, in both cases, the molecules align with the y'-axis 
parallel to the magnetic field. However, the initial birefringence is positive since 
the orientation with the a/'-axis parallel to the magnetic field is slightly more 
favorable than the y"-axis being parallel to B. This two step alignment process 
is caused by an anisotropy in the magnetic susceptibility along the a/'-axis and 
y"-axis, and clearly demonstrates the high sensitivity of magnetic birefringence 
for the internal molecular arrangement of supramolecular aggregates.
Experim ental exam ple
We have recently reported the formation of spherical structures built of a, de­
linked sexithiophene (T6) molecules with chiral oligo(ethyleneoxide) side chains 
(see also Chapter 4) [14]. The spherical aggregates were prepared by solving 
T6 molecules in tetrahydrofuran, and subsequent injection into isopropanol. It 
was found that changing the solvent from isopropanol to decanol while keep­
Magnetic field (T)
Figure 2.6: Magnetic field induced birefringence of T6 aggregates and the 
theoretical prediction for two different solvents. The difference in alignment 
indicates a different internal molecular arrangement. The parameters used for 
the calculations are Xx'x' = Xx'x' = —3063 x 10-12 m3mol~1, Xx'x' = —6813 x 10-12 m3moJ_1, axixi =772 au, ayiyi =313 au, azizi =93 au, C=8.24xl0~4 
]\4, f  =4.3x10 , tii =1-4, 7ij=1.(), N isopropanoi =5x 1 (fi , N<iecanoi=1.5xl(fi, 
T=293 K and herringbone angle rj=62°.
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ing all other experimental conditions the same greatly influenced the shape, 
size and sign of the magnetic birefringence curves (Figure 2.6). These results 
suggest that the internal structure of the aggregates strongly depends on the 
solvent. The birefringence signal of the T 6/isopropanol solution is very large 
and positive, whereas the T 6 /decanol exhibits a very small signal that changes 
from positive to negative at around a magnetic field strength of B  = 3 T.
It is beyond the scope of this chapter to include elasticity in the calculation 
for the birefringence of the spherical aggregates in isopropanol [15]. Instead, 
we approximate the maximum birefringence for this case by assuming that all 
T 6 molecules are oriented with their long axis parallel to the magnetic field. 
This corresponds to the limiting situation of a completely deformed sphere. 
In this case, we find the maximum calculated birefringence of 3 x l0 -5  at 20T, 
which is close to the experimental value of 3 .7x l0-5 , when using diamagnetic 
susceptibilities from the addition scheme [5] and the polarizabilities given by 
Champagne et al [16]. As was shown before, a birefringence signal that changes 
sign, as was observed for the decanol solution, only occurs for a very specific 
combination of aggregate polarizabilities and susceptibilities (Figure 2.6). The 
measured birefringence is well described by a herringbone structure in a cylin­
drical aggregate, which is probably the most widely encountered structure for 
linear conjugated oligomers [17]. Additional experiments are required to verify 
the internal structure, but the birefringence results can exclude many possible 
configurations and puts serious constraints on the structure.
Approxim ation for a low degree o f alignm ent
For low magnetic fields or small aggregates, the birefringence depends quadrat- 
ically on the magnetic field. In the case of a saturating birefringence, the size of 
the aggregates can easily be obtained by fitting the shape of the curve. In the 
quadratic regime, we have to rely on the actual value of the birefringence to ob­
tain the aggregate size. To this end, the assumption is made that there are two 
populations: a number of molecules per unit volume Npcm(T) is incorporated 
in aggregates with one specific size N , the rest of the molecules is molecu­
larly dissolved and their contribution to the birefringence can be neglected. 
Using two Taylor expansions to approximate equation (2.20) (ex «  1 +  x  and 
s j\  +  x  » 1 1  \%), the birefringence can be written as
a „ n iN pcm(T )N B 2  ^ ^   ^  ^ \ |A n  ~  60/i N  k T  \Pix"x" ^ %"x" \^Xx"x" Xy"y" Xz"z") +  (2.21)
Oiyllyll Kyllyll (2Xynyn Xz" Z" Xx"X," ) (2.22)
+  OLz»z"Kz"z" (2Xz"z" — Xx"x" — Xy"y") ] • (2.23)
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Figure 2.7: Temperature dependent CD signal, measured at X = 400 nm, of a 
1 mg/ml 0PV4 solution in dodecane (see Chapter 6). The left axis shows the 
value of the CD signal, the right axis the fraction of molecules incorporated 
in an aggregate.
For cylinder-symmetric aggregates, this expression further simplifies to:
An »  n iNpcm(T )N B 2A a A x  
30fj,oNakbT
where A a  = K||Q!|| — K±a± and A% =  x\\ ~  X±- This expression relates the 
birefringence to the aggregate size in the case of small aggregtes or low magnetic 
field strengths. Equation (2.24) shows that the birefringence is proportional to 
the number of molecules per unit volume in the aggregated state. When all 
molecules are incorporated in aggregates, Npcm is equal to the concentration. 
However, in a temperature dependent experiment, this is usually not the case 
for all temperatures. It is then required to measure Npcm(T) to interpret the 
birefringence measurements.
For chiral supramolecular aggregates, circular dichroism (CD) is the most 
convenient method. CD is the difference in absorption of left- and right handed 
circularly polarized light. At the wavelength of aggregate absorption, individ­
ual monomers do not show a CD effect, only molecules in aggregates contribute 
to the CD signal. A typical temperature dependent CD signal is shown in 
Figure 2.7. Multiplying rj(T) with the concentration yields Npcm(T), which 
leaves the aggregate size N  as the only fitting parameter for the birefringence 
data. For non-chiral molecules one has to rely on the changes in the UV/vis ab­
sorbance spectrum. However, monomers typically have a non-zero absorbance
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at the monitored wavelength, making this technique less accurate than the CD 
method.
Flexible aggregates
The theory so far is about rigid aggregates. Flexible aggregates, however, ap­
pear shorter in a birefringence measurement than they really are. The extent 
of this shortening depends on the ratio between the aggregate length L  and the 
persistence length lp. In the quadratic regime (An oc B 2) the relation between 
the measured birefringence An and the birefringence of a rigid rod A nrigid is 
given by [18]
An Aflrigid x -9
3lp l2p (  f  3L (2.25)
31The bracketed term tends to for L  »  lp, and Anrigid oc L  for a rigid linear 
aggregate, which means that the maximum observed aggregate size is |  of the 
persistence length. After the quadratic regime, the field is strong enough to 
deform the flexible chain, and the equation no longer holds.
Experim ental setup
Figure 2.8 shows the setup used to measure the magnetic field induced birefrin­
gence. The cuvet with the solution to be measured is placed between crossed 
polarizers oriented at ±45° with respect to the magnetic field. Monochromatic 
light is produced by a HeNe laser (Melles Griot, lmW output, A=632.8 nm), 
modulated by a photo-elastic modulator (PEM, PEM-90 Hinds Instruments) 
with a frequency f  = Q/2n = 50kHz and a maximum retardation of Ao=0.383 
waves. The light transmitted through the second polarizer is guided with an op­
tical fiber (Thorlabs, multimode fiber) to a photodetector (Thorlabs, PDA55). 
This setup measures the retardation S rather than the birefringence An, that 
are related through the relation
i = ^ ,  (2.26)
where d is the cuvet thickness. The output intensity seen by the detector is 
given by [19]
I(t)  oc 1 — cos(5) cos(j4q cos(iii)) +  sin(5) sin(j4o cos(iii)). (2.27)
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magnet
Figure 2.8: Schematic representation of the setup to measure magnetic field 
induced birefringence inside a 20T bitter magnet. The arrow indicates the 
magnetic Geld direction. The thickness of the cuvet is indicated by d.
A Fourier series expansion gives
I(t)  »  1 — cos(5) Jo(A)) +  2 sin(<J) J i {Aq) cos(fii)+2 cos(£)J2(A)) cos(2iii) +  . . . ,
VDc  Vi ƒ V2f
(2.28)
yielding three terms: a DC-term and a first and second harmonic term. The 
retardation of the PEM was chosen such that Jo(Ao) = 0 to make the DC 
signal independent of the retardation. The retardation can then be obtained 
by dividing the second harmonic and the first harmonic amplitude with the 
proper scaling factors
j=arct“ (H m ) - (2-29)
Even though the field dependent background birefringence with this setup, 
caused by the mirrors and windows, was relatively high (0.2 radians), the 
noise was relatively low (10-3  radians), yielding an experimental resolution 
of An ~  2 x 10-8 . The sign of the birefringence is also measured, yielding 
information on the molecular orientation within the magnetic field.
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Chapter 3
Light scattering of 
supramolecular aggregates in 
solution
Abstract
Laser light scattering provides a non-invasive technique to determine the size 
and shape of supramolecular aggregates in solution. This chapter describes the 
experimental setup and principles of static- and dynamic light scattering, to­
gether with some experimental examples. In a magnetic field, the orientational 
distribution function of the aggregates changes and thereby the diffusivity. We 
discuss the consequences of this, and show that this improves the accuracy of 
light scattering measurements in the case of anisotropically shaped aggregates.
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Introduction
When laser light passes through a solution with aggregates, most of the light 
is transmitted. In the previous chapter, we described how magnetic birefrin­
gence is measured by the polarization change of the transmitted light when 
the aggregates have a preferred orientation. However, a small part of the laser 
light is scattered, because of the different refractive indices of aggregates and 
solvent. The electric field of the laser induces an oscillating polarization, which 
then serves as a secondary source of light, causing the scattering. The angular 
dependence, the polarization and the intensity of the scattered light depend on 
the size, shape, orientation and relative positions of the aggregates. Therefore, 
light scattering provides a non-perturbative probe to obtain information on ag­
gregates in solution. In this chapter, we shortly describe the basic principles 
of static- and dynamic light scattering, we give examples of light scattering 
experiments on supramolecular aggregates, and we discuss the possibility of 
increasing the accuracy of these methods using magnetic alignment.
Throughout this thesis, light scattering is mostly used as an additional 
technique. In Chapters 4 and 7 it is used in a qualitative manner, to determine 
the temperature range where aggregates are formed. The high concentrations 
there hinder the use of light scattering for size determination. In Chapter 6, DLS 
is used to measure the temperature dependent aggregate size quantitatively.
Experim ent
The experimental setup to measure light scattering is schematically shown in 
Figure 3.1 (a). The laser light is brought to the scattering setup by an optical 
fiber, which enabled the use of different lasers without the need to re-align the 
setup. The fiber output is sent through a (vertically oriented) polarizer and 
focused into a cuvet with the aggregate solution, mounted in the scattering 
cell. The scattered light (vertically polarized) is collected by an optical fiber 
with a pigtail collimator lens, mounted on a rotator to vary the scattering angle
6. The fiber is connected to a single photon detector, to measure the number 
and arrival times of the scattered photons.
Figure 3.1 (b) shows a photo of the scattering cell. An insulated (white) bath 
is mounted on a z-stage, with the cuvet in the center. The bath is filled with 
a refractive index matching fluid (ethylene glycol) to prevent backscattering of 
the laser light at the cuvet wall. The movable detector arm with the polarizer 
and the detection fiber is shown on the right, the insulated tubes on the left are 
used for temperature control in the bath. A temperature sensor (not shown on 
the photo) is placed in the bath next to the cuvet.
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(a) (k)
Cuvet in 
Polarizer Lens scattering cell
Figure 3.1: (a) Schematic representation of the light scattering setup. The 
polarized light is focused into the cuvet, which is mounted in a scattering cell. 
The scattered light is detected at a range of angles. The polarization is in the 
direction perpendicular to the image plane, (b) Photo of the scattering cell. 
The cuvet is in the center of the white bath, surrounded by a refractive index 
matching fluid.
For a successful measurement there are some important aspects in the sam­
ple preparation. First of all, the sample needs to be very clean. The slightest 
amount of impurities will hamper the measurement, especially when dust par­
ticles are involved, which are typically much larger than the aggregates under 
investigation. In some cases, solutions can be filtered using an HPLC PTFE 
syringe filter with a pore size of ~0.2-0.5 fim  to remove impurities. The sample 
should not absorb at the laser frequency because of attenuation of the incident 
and scattered light and sample heating. Finally, the sample should not be too 
concentrated. The theory presented here assumes freely moving aggregates at 
low density. For higher concentrations, interactions between the aggregates will 
affect the scattering signal, multiple scattering may occur, and the presence of 
close neighboring particles can hinder a free movement [1].
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Static light scattering (SLS)
In a static light scattering experiment, the angular dependence of the intensity 
of the scattered light is measured. For particles very small compared to the 
wavelength of light, the particles can be treated as single oscillating dipoles. 
The so called Rayleigh regime gives an accurate description as long as a <IC A/27T 
and \m\a <C \ / 2 tv, with a the particle size, m  = iy ° rUcle the relative refractive^ s o lv e n tindex of the particles in the solvent, and A the wavelength of the laser light. For 
an incoming polarization perpendicular to the plane formed by the incident and 
scattered beam, the scattering intensity is constant for all observation angles. 
The intensity scales with the square of the particle volume, but is independent 
of the particle shape. Therefore, this regime is not very useful for measurements 
on the shape of aggregates.
Figure 3.2: Schematic representation showing the path difference for two 
scattering waves from points SI and S2 (at arbitrary positions within the 
particle) for two detector positions D1 and D2, which are both in the xz- 
plane. The scattering angle 6 is defined as the angle between the z-axis and 
the direction of the detector, as indicated by 62 for detector D2. 61 is equal 
to 7r/2 (not indicated in the figure). The polarization of the light is in the 
y-direction.
For larger particles, the intraparticle interference introduces an angular de­
pendence of the scattering intensity (Rayleigh-Debye regime). Figure 3.2 shows 
the incident and scattered light for a particle with an arbitrary shape. The
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Shape Form factor
Solid sphere 
X  = kR
P (X ) = [J 3 (sin(X) -  X cos(X ) ) ] 2
Cylinder 
X  = kL cos((3) 
Y  = kRsin((3)
,0 r2Ji(X/2)Ji(Y)1 2
p (kL ) = Jo X  2 y sin (P)d(3
Disc 
X  = kR
P( X)  = £ [ l - j t J1(2X)\
Table 3.1: Form factor for different particle shapes. R  is the radius and L 
the length of the particle [2-4] .
particle can be divided into fictitious small volume elements (like SI and S 2), 
which are polarized by the incident light, making the particle behave like a 
collection of oscillating dipoles. The light observed by the detector is the sum 
of the contributions from the individual volume elements. The radiation from 
each volume element has a different phase, making the intensity seen by the 
detector (looking at angle 0) depend on the shape and size of the particle.
The angular dependence of the scattering intensity is contained in the form 
factor P(k),  where k =  |fc| =  47rrts^ vewt sin(|) is the scattering vector. P(k)  can 
be calculated analytically for some particle shapes using the Rayleigh-Debye 
approach, which is valid as long as Ama(m — 1)/A <C 1 and \m — 1| <C 1. 
The contributions of the volume elements are summed and averaged over all 
orientations of the particle
P{k) = l y  f  exp(*fc • r')dVp\  , (3.1)
\  P J  /  o rie n t a t io n s
where r’ is the vector to the volume element within the particle, and Vp the 
particle volume. Table 3.1 gives form factors for frequently occurring particle 
shapes. An extensive list can be found in reference [3].
Figure 3.3 shows the form factor for three spherical particles of different 
size and a cylindrical particle as a function of the scattering vector. For a small 
particle like the R  = 10 nm sphere, which falls within the Rayleigh regime, 
the scattered intensity is almost independent of the scattering vector. For 
larger particles, there is an angular dependence, with a strong scattering in the
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forward direction where 0 and |fc| are small. For such particles, static light 
scattering can be a useful tool to determine the particle shape and size. For 
particles too large for the Rayleigh-Debye approach, the angular dependence of 
the scattering intensity can only be calculated analytically for spherical particles 
(using Mie-theory). For other shapes, numerical techniques have to be used [5].
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Figure 3.3: Form factors for particles of different shapes and sizes. Three 
different spherical particles (R=10nm, solid black line, R=50nm, dashed red 
line, R=500nm, dotted green line), and a cylindrical particle (L=600nm, R =5  
nm, dash-dotted blue line).
Dynam ic light scattering (DLS)
The time averaged scattering intensity for a solution of monodisperse particles is 
given by the form factor. However, the instantaneous intensity fluctuates due to 
interference between the scattering of different particles within the scattering 
volume, that move with respect to each other because of Brownian motion 
(schematically shown in Figure 3.4). When the particle with index j  moves, 
the phase of the scattered light from that particle <j)j = k ■ f j  changes, and 
thereby the intensity at the detector. The velocity of a particle depends on its 
shape and size, which determine the translational diffusion coefficient Dt . A 
large particle will diffuse slower than a small one, just as a disc will diffuse faster 
than a sphere with the same radius. The diffusion coefficients for some different
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shapes are listed in Table 3.2. Sometimes the hydrodynamic radius Rh is used 
to express the size of non-spherical scattering particles. Rh is the radius of a 
spherical particle that has the same diffusion coefficient as the non-spherical 
particle.
Figure 3.4: Schematic representation of the scattering by a collection of small 
particles within the scattering volume. The particle with index j  will scatter 
light with a phase <f>j. The wave vector k depends on the detection angle 6. 
Scattering from solvent molecules is neglected.
The higher the velocity, the shorter the time scale of the intensity fluc­
tuations. This time scale can be measured by calculating the second order 
autocorrelation function g2 (r) of the intensity vs. time data
g \ r )  =  <f(t)f(t+2T)>, (3.2)y  ^ ’ {I ( t ) f   ^ ’
where r is the delay time. The Siegert equation relates the second order au­
tocorrelation function with the first order autocorrelation function gl (r) as 
follows [6]
= 1 + (3.3)
where ¡ 3  is a correction factor of order unity, which accounts for the spatial 
integration of the detector which are unavoidable in an experiment.
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Shape Translational diffusion coefficient
Sphere 
R  =radius Dt — 6-rrrjR  I6]Rh = R
Cylinder
L=length
i?=radius
D t =  S z  ( Hp)  + *')*' =  0-312 + 0^5 -  Q^o P =  ^ [7] 
Rh = f  (ln(p) +  v)~l
Disc
r=radius
i=thickness
D t ~  9nr,r ( \A  +  (ir) +  t ln ( 2 r +  \A  +  ( 2»-) )  2r ) I8]
R h =  f r ( \ A + ié p )2 + t  in ( ^ + \ A + ~
Table 3.2: Diffusion coefficients and hydrodynamic radii for spherical, cylin­
drical and disc-shaped particles, r] is the solvent viscosity, kb Boltzmann’s 
constant and T  the temperature.
For monodisperse samples, fitting p1(r) with an exponential function di­
rectly gives the diffusion coefficient
^ ( t) =  exp(—IV) =  exp ( ~ D tk 2T)  (3.4)
with T the mean decay rate. For an accurate measurement, the correlation 
function is measured for several scattering vectors. The slope of the typical 
correlation time versus k2 gives Dt . If the aggregate shape is known, Dt gives 
the size and vice versa.
An example of a correlation function is shown in Figure 3.5, which was 
measured on a solution of monodisperse polystyrene spheres (R  ~  50 nm). For 
short t  the correlation function is very high. As r increases, the correlation 
between I (t ) and I ( t  +  r) decreases until the two values are completely inde­
pendent. Fitting yields a diffusion coefficient of 4.95 x 10-12 m2/s  (solid line in 
Figure 3.5), which corresponds to a particle radius of 49 ±  2 nm.
In addition to translational motion, rotation of anisotropic particles causes 
intensity fluctuations. The relative contributions of the translational- and ro­
tational movements to the correlation time depend on the particle properties 
and the scattering vector [9]. To measure pure translational motion, DLS can 
be measured at small scattering vectors where the rotational component is neg­
ligible.
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Figure 3.5: First order autocorrelation function for a solution of monodis­
perse spherical particles (Rcai =  51 ±  2 nm), measured at k =  1.87 x 107 m-1. 
The high correlation for short delay times decreases to zero correlation at long 
delay times. The solid line is a single exponential fit giving R =  49± 2 nm.
When the aggregate size is polydisperse, the correlation function is not a 
single exponential, but consists of a distribution of decay rates. In this case the 
data is usually analyzed in terms of the moments (or cumulants) of the decay 
rate distribution [10,11]. An alternative is a numerical inversion of the data with 
a c o n t i n  analysis [12,13]. However, because the scattered intensity is weighted 
by the form factor and the mass of the scattering particles, the size distribution 
determined with these techniques has a negative skew and depends strongly on 
the scattering angle. This effect is significant for larger and more polydisperse 
particle sizes. To overcome this problem, the distribution measured with DLS 
needs to be converted to a number weighted distribution, which is independent 
of the scattering angle [14,15].
Experim ental exam ples
Figure 3.6 shows an example of a light scattering experiment on thin discs made 
of amphiphilic gold nanoparticles (“janus” particles) (more information and a 
detailed description of the experimental setup can be found in reference [16]). 
Two different organic ligands are connected to small gold nanoparticles (~ 4 
nm), and for a specific ratio of the two ligand types, these particles cluster 
together forming disc shaped objects, as was shown by TEM (see insets Figure
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3.6), SEM and AFM. The SLS curve (Figure 3.6 (a)) shows a strong angular 
dependence, consistent with the presence of monodisperse disc-shaped objects 
with a radius R  = (1.8 ±  0.5) x 102 nm. The small angle DLS results (Figure 
3.6 (b)) give Dt = (1.7 ±  0.2) x 10-12 m2/s, corresponding to a disc radius of 
roughly 150 nm. For higher scattering vectors, the relation between T and k2 
is no longer linear, which is probably caused by the contribution of rotational 
motion.
There is quite a good agreement between the sizes found with light scat­
tering and TEM. Especially since the experiments were performed at different 
moments on different solutions. The light scattering experiments also confirm 
the shape of the objects. The SLS curve could also be described by spheri­
cal objects, but the corresponding dimensions did not agree with the DLS and 
TEM experiments [16]. Thus, the combination of SLS with DLS conclusively 
determines the particle shape and size.
(b)
W
1.0 1.5 2.0 2.5
Scattering vector (107m"1)
Figure 3.6: Light scattering data onjanus nanoparticles [16]. (a) Static light 
scattering data with a fit of a thin disc, giving a radius of (1.8 ± 0.5) x 102 nm. 
(b) Dynamic light scattering data. The solid line is a fit of the decay times T 
at small scattering vectors, giving Dt = (1.7 ± 0.2) x 10-12 m2/s. Insets show 
TEM images on a 200 mesh carbon coated copper grid.
Figure 3.7 shows an example of a DLS experiment on a polydisperse system
[17]. Two different naphthalene guest molecules G1 and G2 can bind to the 
DNA backbone (Figure 3.7 (a)). A c o n t i n  analysis was performed to measure 
the aggregate size (distribution) for the two different systems. For G2, the 
intensity distribution has a peak around 4 nm, which means that most of the 
scattered light is caused by aggregates with R^ = 4 nm. This size is consistent
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with the guest molecules occupying all binding sites on the DNA. Because of 
the small size, the objects are Rayleigh scatterers, the intensity distribution 
is almost identical to the number distribution. For G1, the objects are much 
larger, suggesting that the aggregates further assemble into larger structures, 
as was observed with cryo-TEM as well. The intensity distribution slightly 
overestimates the average aggregate size, due to the effect described above. 
Nevertheless a clear difference is observed between the aggregation behavior of 
the two systems.
0.1 1 10 100 
Hydrodynamic radius (nm)
Figure 3.7: (a) Schematic representation of the assembly of guest molecules 
G1 and G2 to the DNA template [17]. (b) Intensity weighted size distributions 
for the two guests attached to a DNA template, forming complexes of different 
size.
Figure 3.8 (a) shows an SLS experiment on cylindrical aggregates made of 
OPV-peptide molecules in water (C  =  10-4  M) [18]. The peptide group, which 
is attached to the end of the OPV molecule (see inset), can be used to influence 
the helical arrangement of the OPV segments. The fit (solid line) indicates the 
formation of cylindrical aggregates with a length of half a micrometer and a 
radius of almost 100 nm. However, a cryo-TEM measurement on individual 
aggregates confirms the cylindrial shape, but the diameter is found to be ~10 
nm (Figure 3.8 (b)). Most probably, the cylindrical aggregates cluster together 
in solution. This was also observed by AFM (Figure 3.8 (c)), which shows a 
densely packed network of fibers in which the single fibers have a diameter of 
10 nm. Usually, the advantage of solution techniques like light scattering or 
magnetic birefringence is that aggregates can be investigated in their native 
environment, as compared to scanning probe techniques performed op drop- 
cast samples. In that case, the evaporation of the solvent often leads to a
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concentration increase, a changing aggregate shape or clustering [19]. However, 
in the present case the aggregates most probably already cluster in solution. 
This example shows that in characterizing supramolecular aggregates, it is of­
ten necessary to use several complementary techniques, and one cannot rely 
on light scattering alone. More examples of light scattering experiments on 
supramolecular systems can be found in references [20- 22].
Figure 3.8: (a) SLS m easurement on O P V -peptide aggregates [18]. The 
data can be described by a cylindrical aggregate shape with a length o f half 
a m icrom eter and a radius o f 80 nm. Inset: schematic representation o f the 
O P V -peptide molecule, (b) Cryo-TEM  image o f a 10-5 M  solution in water. 
The scale bar is 50 nm. (c) Tapping m ode A F M  image of a 10-5 M  solution 
in water, dropcast on a glass substrate. The scale bar is 1 fim .
Light scattering o f aligned aggregates
The scattering of (anisotropic) particles changes when there is a preferred ori­
entation. The idea of exploiting this, either by using flow or electromagnetic 
fields, is not new in itself (see section 10.4 of reference [3]). However, with 
the strong magnetic fields available nowadays, light scattering on magnetically 
aligned samples can be a valuable tool for studying the formation and properties 
of supramolecular aggregates.
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1 J = Cylinders // to B
o = Cylinders _L to B
Figure 3.9: Schematic representation of a light scattering experiment on 
magnetically oriented aggregates (Geld direction is out of the Ggure plane). 
The situation of alignment parallel to the Geld is depicted by the white cylinder 
(seen from the top in the centre of the Ggure), the perpendicular alignment 
by the grey cylinders. The cylinders can rotate about the magnetic Geld axis. 
The polarization of the light is directed out of the Ggure plane.
Static  light scatterin g  (SLS)
The form factor is calculated by averaging over the orientations of the ag­
gregates (equation 3.1). Without magnetic field, all orientations have equal 
probability. In a magnetic field, the orientational distribution function is given 
by equation 2.6. The preferred orientation drastically changes the form fac­
tor. Two limiting situations for thin cylindrical aggregates are schematically 
depicted in Figure 3.9. The grey (white) cylinders indicate aggregates aligned 
perpendicular (parallel) to the magnetic field. Figure 3.10 (a) shows the inten­
sity as a function of scattering angle for the two situations compared to the 
isotropic situation. The (monodisperse) length of the cylinders is 500 nm, the 
wavelength of the laser light is 600 nm. The curves are normalized at 0 =  0 to 
compare the angular dependence.
The isotropic situation (black solid line) shows the typical behavior for such 
large objects, with a strong forward scattering. However, when the cylinders 
align parallel to the magnetic field (dashed red line), the angular dependence 
of the scattering intensity disappears. On the other hand, for cylinders aligned 
perpendicular to the magnetic field (dotted green line), the forward scattering 
is even stronger. The lines are calculated for a monodisperse cylinder length 
and complete alignment, but a size- and orientational distribution function can 
easily be incorporated. In an experiment, an increasing magnetic field will lead
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Figure 3.10: (a) Theoretical scattering intensity as a function of scattering 
angle for unaligned cylinders (black solid line), cylinders aligned parallel to 
B (red dashed line) and cylinders aligned perpendicular to B (green dotted 
line), (b) Theoretical scattering intensity for a sphere (solid red line), two 
oblate spheroids with different aspect ratios (blue dashed line and blue dotted 
line) and a prolate spheroid (olive dash-dotted line). The aspect ratio c is 
defined as the ratio of the radii a and b, where b is fixed at 100 nm (see inset). 
Both calculations have used X=632.8 nm and nsoivent =  1.33.
to an increasing alignment, and the isotropic curve is transformed to one of 
the aligned curves. Such a big change can resolve possible ambiguities in the 
interpretation of the isotropic scattering.
A deformation of aggregates can also be observed by performing light scat­
tering in a magnetic field. Recently it was found that spherical sexithiophene 
nanocapsules can be deformed to oblate spheroids in a magnetic field [23,24]. 
Figure 3.10 (b) shows the scattering intensity as a function of the scattering 
angle for different spheroids, characterized by the aspect ratio c = |  of their 
two radii a and b (b is fixed at 100 nm, c = 1 is a sphere). For the thiophene 
nanocapsules, the spheres were transformed to oblate spheroids with an aspect 
ratio of c ~  0.2 at B  = 20 T. As the sphere is deformed by the magnetic field, 
the angular dependence of the scattering intensity strongly changes, indicating 
that the deformation process can be measured with SLS.
D ynam ic light scatterin g  (DLS)
The scattering intensity fluctuates because of particle motion (ignoring rota­
tional motion), since the phase of the scattered light from a particle depends on 
the dot product between its position vector and the scattering vector. There­
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3.0 References
fore, a movement perpendicular to the scattering vector does not cause an 
intensity change. For the case of the cylinders aligned parallel to the magnetic 
field (Figure 3.9), only the movement perpendicular to the magnetic field is 
probed. The diffusion coefficient for a cylindrical aggregate in Table 3.2 is the 
average of the diffusion coefficients for lengthwise and sidewise motion: d \  and 
respectively [7]. For cylinders aligned parallel to the field, only D^ ~ is ob­
served, for the perpendicular alignment a combination is observed, but with a 
different ratio than for the unaligned case. Magnetic alignment therefore allows 
for the measurement of the two individual components of the diffusion coeffi­
cient, leading to a more accurate particle characterization. For larger scattering 
vectors, Dt is a combination of a translational part and a rotational part. In a 
magnetic field, when all aggregates are completely aligned, part of the rotational 
motion is suppressed, leaving only the translational part. This is particularly 
interesting for large anisotropically shaped aggregates.
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Chapter 4
M olecular organization of 
cylindrical sexithiophene  
aggregates measured by X-ray 
scattering and m agnetic 
alignment
Abstract
We have determined the internal organization of elongated sexithiophene ag­
gregates in solution by combining small-angle X-ray scattering and magnetic 
birefringence experiments. The different aggregate axes can be probed inde­
pendently by performing the experiments on magnetically aligned aggregates. 
We have found multiwalled cylindrical aggregates consisting of radially ori­
ented sexithiophene molecules with tv  — 7r-stacking in the tangential direction, a 
structure that is considerably different from those previously found in other sol­
vents. The aggregate morphology can thus be tuned by using different solvents, 
which offers the attractive perspective to steer chemical self-assembly toward 
nanostructures with desired functionalities, especially in combination with the 
alignment in a magnetic field.
This work has been published in:
Gielen, J.C., Wolffs, M., Portale, G., Bras, W., Henze, O., Kilbinger, A.F.M., Feast, 
W.J., Maan, J.C., Schenning, A.P.H.J., Christianen, P.C.M., Langmuir, 25 (3), 1272­
1276, 2009.
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Introduction
Chemical self-assembly of organic molecules into larger aggregates is a promis­
ing approach for constructing potentially functional nanostructures. In prin­
ciple, the large variety of molecular building blocks permits the fabrication 
of aggregates with a large variation in composition, shape, and functional­
ity [1-5]. In many cases, however, the precise internal molecular arrangement 
of the nanostructures is unknown, which hampers the development of a deeper 
understanding of the structure-property relationship, required to steer the self­
assembly process toward molecular nanostructures with desired functionalities. 
In particular, it is important to measure the molecular arrangement of aggre­
gates in the solution in which they are formed. Solution experiments provide 
a stable environment with well-defined intermolecular interactions, where sol­
vent and temperature dependencies [6- 10] can be readily investigated, without 
spurious effects that can be present when aggregates are characterized after 
deposition on a substrate, such as molecule-substrate interactions and solvent 
evaporation [11, 12].
To this end, we determined the molecular structure of sexithiophene self­
assemblies in a solution of o-dichlorobenzene (ODCB) and n-butanol. This 
oligothiophene molecule is interesting as an organic semiconductor material, 
and a detailed understanding of the ordering is needed to develop protocols 
for the formation of well-defined supramolecular structures for use in future 
devices, such as field-effect transistors [13]. We follow an approach that is in­
spired by studies on biological structures [14,15], which combines the virtues 
of small-angle X-ray scattering (SAXS) and linear birefringence with magnetic 
orientation. SAXS is very powerful for resolving internal aggregate structures. 
Techniques like 1H-NMR [16], circular dichroism, UV/vis absorbance, and flu­
orescence [9,10,17] mainly probe short-range interactions. On the other hand, 
techniques such as light scattering (see Chapter 3) [18] and cryo-transmission 
electron microscopy [19] probe length scales too large to determine the molec­
ular arrangement. To unravel the directionality of the ordering, we performed 
SAXS and birefringence measurements on magnetically aligned sexithiophene 
aggregates. We found cylindrical aggregates in which sexithiophene molecules 
are arranged in a radially symmetric orientation with tv  — 7r-stacking in the tan­
gential direction of the cylinder. The techniques used to resolve this structure 
can be generally applied to any supramolecular aggregate made of 7r-conjugated 
molecules.
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Figure 4.1: Molecular structure of T6.
Sample preparation
The sexithiophene (T6) molecules comprise a 7r-conjugated a, «'-linked sex- 
ithiophene derivative carrying chiral oligo(ethyleneoxide) side chains [10] (Fig­
ure 4.1). T 6 forms aggregates in protic polar solvents, with morphologies rang­
ing from spherical structures [20], needles [21], and rodlike helical assemblies 
to flat “crepes” [22], where the morphology and resulting properties depend 
on the solvent and fabrication method used [9,10]. By application of recycling 
gel permeation chromatography, we were able to purify T 6 to better than 99.9 
mol % [21]. The combination of the purified material and the solvent mixture 
of ODCB and butanol, the boiling points of which are both higher than the 
aggregation temperature Taggr for the concentration used, allowed us to study 
the aggregate formation and melting in a reversible way [21].
Like all molecules used for self-assembly, sexithiophene has an anisotropic 
chemical structure to exploit the directionality in the intermolecular interac­
tions. Such anisotropic molecules are very suitable for magnetic orientation 
due to their large anisotropy in the magnetic susceptibility [23]. For example, 
aromatic moieties such as benzene and thiophene tend to align with the aro­
matic plane parallel to the field, which can be used to orient supramolecular 
aggregates in solution up to a high degree [24-27]. Furthermore, due to the 
optical anisotropy of the molecular building blocks, the alignment of the nano­
structures leads to a strong linear birefringence. This magnetic birefringence is 
a sensitive probe for the molecular organization, and the magnetic field strength 
required for a certain degree of alignment measures the number of molecules 
per aggregate [28].
To prepare the aggregates, 1 mg of freshly purified T 6 was dissolved in 
a mixture of 100 ¡A of ODCB and 1 ml of butanol. To make sure that all 
pre-existing aggregates were dissolved, the sample was heated to 353 K for 
at least 0.5 h, before it was slowly cooled to room temperature (cooling rate 
below 60 K/h) to avoid kinetic effects. Light scattering was used to verify that 
all molecules were dissolved above Taggr (320 K). At 10 different temperatures 
below Taggr, the magnetic birefringence was measured in magnetic fields (B) 
up to 20 T, using a temperature controlled (=L 0.1 K) 2 mm thick optical cell. 
SAXS experiments were performed, only at room temperature, at BM26B at
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the European Synchrotron Radiation Facility (ESRF) in Grenoble using an X- 
ray photon energy of 10 keV in combination with a 2D multiwire gas filled 
detector [29]. In this case, a magnetic field of 5  =  4 T (1.7 T) was applied 
perpendicular (parallel) to the X-ray beam.
D=8m (q=0.04-0.42 nm1) D=1.5m (q=0.35-2.1 nm"1)
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Figure 4.2: SAXS results of unaligned T 6 aggregates (magnetic Geld B =  
0). Top panels show SAXS images recorded at two different detector distances 
(D = 8  and 1.5 m), with different scattering vector q ranges probing different 
length scales. Lower panel shows the resulting cross section. The bright ring 
at q= 1.3 urn-1 indicates a typical period of 4.8 nm between two T 6 molecules, 
as indicated in the inset.
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Small Angle X-ray Scattering (SAXS)
The ID SAXS profile of the nonaligned sample at B=  0 T displays a g-4  slope 
at small scattering vectors and a sharp peak at q = 1.3 nm“ 1 (Figure 4.2). The 
initial g-4 slope indicates that the molecules self-assemble in large aggregates 
characterized by a sharp interface between aggregate and solvent, but contains 
no information on the shape, since the aggregates are too large. The peak at q 
=  1.3 nm-1  corresponds to a typical periodicity of 4.8 nm, consistent with T6 
molecules organized in a head-to-tail fashion (see inset lower panel Figure 4.2).
D=8m D=1.5m
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Figure 4.3: SAXS results with B =  4 T perpendicular to the X-ray beam.
Figure 4.3 shows SAXS results of T6 aggregates measured with the X- 
ray beam perpendicular to a magnetic field of 4 T. The scattered ring at q =
1.3 nm-1 , observed with D =  1.5 m to probe the intermolecular distances, is 
reduced to two bright spots in the direction perpendicular to the magnetic field, 
due to the magnetic alignment of the T6 aggregates. The azimuthal width of 
these spots (Figure 4.4) is inversely proportional to the degree of alignment 
and saturates at B  =  4 T where the alignment is almost complete. The SAXS 
data taken with D =  8 m (left panel of Figure 4.3) probes the overall shape 
and reveals a strongly anisotropic scattering pattern, indicating the presence of 
aligned aggregates with a high shape anisotropy. The observed results indicate 
that the aggregate dimension along B  is larger than that perpendicular to B. 
Below, we will refer to these dimensions as the long and short axes, respectively.
For B  parallel to the X-ray beam (Figure 4.5), the situation is remarkably
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different. For both detector distances, a radially symmetric scattering pattern 
is visible, which implies that the long axes of the T6 aggregates are aligned 
parallel to the X-ray beam. In spite of the substantial magnetic orientation at B  
= 1.7 T, the rotational freedom of the aggregates about the B -axis leads to the 
observation of a ring. The striking dependence of the scattering patterns on the 
relative orientation of the X-ray beam and magnetic field direction highlights 
the directional sensitivity of our method, and leads to the conclusion that the 
4.8 nm periodicity within the aggregates is only present along their short axes.
M agnetic alignm ent
We also measured the ordering and size of the T6 aggregates with magnetic 
birefringence (Figure 4.6) using the setup described in Chapter 2. The sample 
was contained in a 5mm optical cell (Hellma) with a water-based tempera­
ture controller (=L 0.1 °C). The magnetic birefringence was measured by slowly 
sweeping the magnetic field between 0 and 20T. The small birefringence of the 
pure solvent caused by the experimental setup was used as a background.
For all temperatures above Taggr = 320 K, the birefringence is zero at 
all magnetic fields, because all molecules are dissolved and no aggregates are 
present. Below Taggr, the magnetic birefringence increases quadratically with
Magnetic Field (T)
Figure 4.4: Magnetic field dependence dependence of the azimuthal width of 
the scattered X-ray beam (B _L X-ray), which is inversely proportional to the 
degree of alignment. Inset: azimuthal intensity at q =  1.3 nm-1 as a function 
of B.
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Figure 4.5: SAXS results with B =  1.7 T parallel to the X-ray beam.
the applied field and saturates at higher fields. With decreasing temperature, 
the value of the birefringence increases, whereas the field strength needed to sat­
urate the signal decreases, as indicated by the arrows. The first effect is caused 
by an increasing number of molecules in the aggregated state, yielding higher 
birefringence values. The second effect is related to an increasing average size of 
the aggregates, which means that it takes a lower magnetic field to accomplish 
full alignment (lowering of saturation field). Note that at room temperature 
the birefringence saturates around 4 T, fully consistent with the X-ray data 
(Figure 4.4). Fitting the saturation field (lines in Figure 4.6) leads to a reliable 
estimation of the number of molecules per aggregate for each temperature (in­
set Figure 4.6). Slightly below the aggregation temperature, the size of the T6 
aggregates sharply increases, until it saturates at lower temperatures to about
8 x 106 molecules per aggregate. In a separate birefringence experiment, it was 
verified that the aggregation process yielded identical results with or without a 
magnetic field to make sure that the short periods of exposure to the magnetic 
field in the birefringence measurements did not influence the aggregation itself.
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Figure 4.6: Magnetic birefringence (n//B — n±s)  as a function of magnetic 
Geld B for different temperatures. Arrows indicate the point where the bire­
fringence is at 80 % of the saturation value. Solid lines are Gts to the data 
to obtain the aggregate size (expressed in terms of number of molecules per 
aggregate) shown in the inset. The line in the inset is a guide to the eye.
Organization
Combining the SAXS and birefringence results conclusively determines the in­
ternal structure of the T 6 aggregates. The two bright spots in the SAXS data 
of aligned aggregates (Figure 4.3) indicate T 6 molecules in a 4.8 nm distance 
head-to-tail arrangement along its short axis, similar to a lamellar structure, 
a herringbone structure, or a radial structure. More complicated structures 
would lead to additional scattering peaks which are not observed. Figure 4.7 
shows a schematic representation of the structures with their theoretical align­
ment behavior in a strong magnetic field. The schematic structures presented 
here are idealized situations and do not account for a possible helicity caused 
by the chiral nature of the molecules.
The radial structure is the only proposed structure that is consistent with 
both the SAXS and birefringence data. It consists of T 6 molecules that are ra­
dially oriented with a tangential tv  — 7r-stacking, where the tail-to-tail molecular 
packing occurs only along the short aggregate axis. It necessarily aligns with its 
long axis along the magnetic field, when all thiophene planes are parallel to B , 
yielding the anisotropic scattering patterns presented in Figure 4.3. It is also 
consistent with the birefringence curve, which is a single S-shaped curve that
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(a)¡ (b) lamellar herringbone radial
Figure 4.7: Schematic representations of possible aggregate structures, (a) 
Molecular structure and schematic representation of T6. (b) Three possible 
T6 aggregate structures with their energetically most favorable orientation in 
a strong magnetic field B. Lamellar structure: due to the rotational degrees of 
freedom, there is seemingly no alignment. Herringbone structure: two stage 
alignment, but at high B the cylinders align parallel to the field. Radial 
structure: alignment with the long axis along B.
is typical for aggregates with a cylindrically symmetric susceptibility (see also 
Chapter 2) [28]. In contrast, the lamellar structure can align both with its long 
and short axis along the magnetic field, as long as the planes of the thiophene 
rings are parallel to the magnetic field [23]. Since the X-ray data reveal only 
alignment parallel to the magnetic field, this structure can be ruled out. A 
herringbone structure orients in two-steps: at low magnetic fields, it aligns like 
the lamellar structure, but in the end it will align with its long axis parallel to 
the magnetic field, unless the herringbone angle is exactly 45° by coincidence. 
Such a two-step alignment process is compatible neither with the birefringence 
data nor with the SAXS data, where only alignment parallel to the magnetic 
field was observed in the B  =  0-4 T range.
Figure 4.7 (b) shows a schematic representation of the radial structure with 
three concentric layers of thiophene molecules. To estimate the real number 
of layers, we need to know the aggregate diameter, the aspect ratio or the 
aggregate length. Since the aggregates cannot be observed in solution with 
an optical microscope, the maximum length is of the order of a micrometer. 
Since the number of molecules per aggregate is about 8 x 106, we expect for 
an aggregate of 1 fim  length a radius of roughly 50 nm, meaning that the true 
number of thiophene layers will probably be of the order of 10.
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Although it is difficult to accurately quantify the birefringence of aggre­
gates in solution, the calculated birefringence of the radial structure shows a 
good agreement with the birefringence data in Figure 4.6, with a reasonable 
set of values for the magnetic susceptibility x  and optical polarizability a  of 
T 6 [30]. Using a xx = 770 au, a yy = 400 au, and a zz = 95 au, we are able to 
explain the absolute value of the birefringence to within a factor of 2 (black line 
in Figure 4.8). The measured saturation value of the birefringence (6x l0 -6 ) 
is relatively low because, even at high magnetic fields, the cylinders are al­
lowed to rotate about the magnetic field axis, reducing the signal compared 
to the situation where all T 6 molecules align with their long axis along the 
field direction. Indeed, the birefringence of aligned radial aggregates is 1 or­
der of magnitude smaller than the calculated [28] and observed [20] maximum 
birefringence (3x l0 -5 ) for deformed spherical aggregates of T 6 .
Aging o f the solution
The results described so far have been obtained on aggregates prepared im­
mediately after purification. In such a fresh solution, the aggregates consist of 
about 8 x 106 molecules at room temperature, which is too small to be observed
0 1 2  3 4
Magnetic field (T)
Figure 4.8: Magnetic birefringence of an aged (6 months) (circles) and fresh 
solution (squares). Solid and dashed lines are calculated curves for small 
and large cylinders, respectively. Inset shows a microscope image of an aged 
solution (6 months after purification) of T6 cylinders with lengths exceeding 
20 fim .
Fresh sample 
o Aged sample
-----Calculation
(with form birefringence). 
—  Calculation 
(no form birefringence)
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Figure 4.9: Microscope images of T6 aggregates in an aged solution (3 
months after purification), showing large cylindrical aggregates. Left image 
shows the random oriented cylinders at B =  0 T, right image shows completely 
aligned cylinders in a magnetic Geld of 2 T.
in solution with an optical microscope. After storage of T 6 molecules in so­
lution in a dark environment for a few months, we found that the aggregate 
size increases considerably to several micrometers (Figure 4.9), even though the 
sample was heated and cooled in exactly the same way as the fresh sample. This 
aging process continues for more than 6 months, with continuously increasing 
aggregate size (inset of Figure 4.8). The origin of this aging effect is probably 
associated with a degrading purity of the T 6 compound, which is extensively 
discussed elsewhere [21]. Here, we merely focus on the consequences for the 
magnetic alignment (Figure 4.8). The birefringence signal is considerably re­
duced in amplitude, the sign is reversed, and the field for complete alignment 
is significantly lowered to B  =  1 T, which is consistent with the enhanced size. 
The alignment direction of such an aged sample was verified with a home-built 
optical microscope in a 2 T magnet (Figure 4.9) to be, again, parallel to the 
magnetic field. The change of sign of the birefringence signal upon aging of 
the sample can be readily explained. Assuming that the internal structure of 
the aggregates remains unchanged, this change of sign is due to the growing of 
the aggregates and the influence of form birefringence [31]. A dielectric object, 
with an anisotropic shape and dimensions small compared to the wavelength of 
the laser light, is more easily polarized along its long dimension than its short 
dimensions, causing a birefringent effect when all the objects are aligned (page
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16 of Chapter 2). We do not know the exact aggregate size in a fresh sample, 
but 8 x 106 molecules (inset of Figure 4.6) take approximately the same vol­
ume as a sphere with a radius of 150 nm, which is much smaller than the laser 
wavelength of 632.8 nm. So, it is expected that form birefringence plays an 
important role there. In the aged sample, the aggregate size is several microm­
eters. On this length scale, the contribution of the form birefringence can be 
neglected, causing the birefringence to decrease and even change sign (Figure 
4.8).
Conclusion
In conclusion, we demonstrated that a combination of X-ray scattering and 
magnetic fields is a powerful tool to investigate the internal structure of supra- 
molecular aggregates in solution. We applied this combination to the aggrega­
tion process of sexithiophene molecules in butanol/ODCB. We found that the 
T6 molecules pack in a cylindrically shaped aggregate with the long molecular 
axis pointing in the radial direction and a tv — 7r-stacking in the tangential direc­
tion. Comparing this result with previous work demonstrates that the aggregate 
morphology can be tuned by using different solvents, which opens the way to 
study the relationship between the aggregate structure and its properties.
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Chapter 5
M agnetic field induced  
rigidification o f thiacyanine 
nanofibers
Abstract
Using fluorescence microscopy, we have observed that application of a 2 T mag­
netic field transforms flexible thiacyanine nanofibers into straight rigid rods. 
To investigate the origin of this reversible change in flexibility, we have char­
acterized the magnetic properties of the fibers using a complementary set of 
techniques, including magnetic birefringence, polarized absorbance and small 
angle X-ray scattering. We have found that the fibers have a 6-8 nm diam­
eter with a brickwork internal molecular arrangement and that they can be 
completely aligned in fields in excess of 15 T. The rigidification of the fibers is 
attributed to a field induced change in the internal structure, rather than by 
the simple magnetic alignment of fiber segments.
A manuscript with this work is in preparation:
Gielen, J.C., Takazawa, K., Shklyarevskiy, I.O., Portale, G., Bras, W., Maan, J.C., 
Christianen, P.C.M.
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Introduction
The fabrication of functional organic nanostructures using small organic mo­
lecules as building blocks is a topic of great current interest. A large variety 
in aggregate morphologies have been reported, ranging from spheres and cylin­
ders to sheets and tubes [1-5], all with their own properties and functionality. 
Different morphologies are typically caused by the chemical structure of the 
molecular building blocks in combination with the environmental conditions 
like solvent or pH [6,7]. In some cases, however, the aggregate morphology 
can be changed by external influences, for instance by light, electric fields or 
magnetic fields [8-10]. Such externally induced morphology transitions can in 
principle be fully reversible, which is particularly interesting for applications, 
since that allows to tune material properties at will.
A special class of molecular aggregates are cyanine aggregates, character­
ized by a strong change in the optical properties upon aggregation [11]. The 
internal organization of the aggregates varies strongly, depending on the exact 
chemical structure of the cyanine molecules [12]. Recent studies on aggregates 
of thiacyanine dye molecules have shown the formation of fiber shaped aggre­
gates in aqueous solutions, and the possibility to change the fiber morphology 
by several irreversible external influences like irradiation with light and the 
addition of NaCl [13]. Because of the application of cyanine aggregates in pho­
tographic sensitizers and the use as optical waveguides [14,15], most studies 
have focused on tuning the optical properties. The internal structure, and the 
processes responsible for the morphology change in the case of the thiacyanine 
fibers, remain mostly unclear.
In this chapter, we describe the extraordinary behavior of thiacyanine fibers 
in a magnetic field. In a relatively low magnetic field of 2 T, the fiber morphol­
ogy changes from flexible to rigid. Upon removing the field, the fibers return 
to the original flexible state, making it a fully reversible change. To identify 
the mechanism of rigidification, we have combined magnetic birefringence, po­
larized absorbance and small-angle X-ray scattering (SAXS) to determine the 
internal structure of the fibers, exploiting the alignment of the fibers in strong 
magnetic fields. We have found that the fibers have a diameter of only a few 
nanometers, and that they consist of a simple brickwork arrangement of thia­
cyanine molecules, with the long molecular axis parallel to the long fiber axis. 
We provide evidence that the magnetic field induced rigidification is not related 
to a mere magnetic alignment of segments of the fiber, but that it is caused 
by a change in the internal molecular arrangement. We will discuss possible 
mechanisms of this change, and we anticipate that the low field needed for this 
change in rigidity enables the application in, for instance, the tuning of the
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Sample preparation
Sample solutions were prepared by mixing a 6.8 x 10- 5  M solution of 5,5’- 
dichloro-3,3’-disulfopropyl thiacyanine sodium salt in water (Hayashibara, Fig­
ure 5.1 (a)) with an aqueous NaCl solution (5.1 mM) in a volume ratio of 9:1, 
yielding a thiacyanine concentration of 6.1 x 10- 5  M. Within an hour after 
mixing, the solution becomes opalescent and the molecules self-assemble into 
fibers with a typical length of 10-30 ¡im (Figure 5.2 (a)). Upon aggregation, 
the optical absorbance is strongly increased and red-shifted, characteristic for 
J-aggregates [11,12,17], with a maximum absorbance at A =  464 nm (see Figure
5.1 (b)).
solvent viscosity [16].
Figure 5.1: (a) Schematic representation of the thiacyanine molecule with 
a coordinate system to indicate the different molecular axes, (b) Absorbance 
spectra of thiacyanine solution. A t high temperatures (4ŒC, black solid line) 
all molecules are dissolved. A t room temperature (red dashed line), the ab­
sorbance is strongly enhanced and red-shifted by the aggregation.
Experim ental details
To observe the shape of individual fibers in a magnetic field, fluorescence mi­
croscopy (FM) measurements were performed in a superconducting magnet 
(Japan Magnet Technology, 100 mm bore) using an intensified CCD camera 
(C8780, Hamamatsu), a 20x microscope objective and an imaging lens (f.l.=800 
mm), yielding a sample view of 144x108 /jm. An Ar-ion laser was used as exci­
tation source (A =  488 nm), in combination with a long pass filter to eliminate 
the excitation laser.
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Figure 5.2: Fluorescence microscopy images of thiacyanine Ebers. The view­
ing direction is parallel to the magnetic field. Insets show close ups of in­
dividual libers, (a) Without a magnetic field, (b) In a magnetic Geld of 2 
T.
The polarized absorbance was measured using a temperature controlled (T
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=  20 °C) 1 mm thick optical cell (Helma), mounted in a 20 T Bitter magnet. 
Light of a halogen-deuterium source (Avantes) was sent through the optical 
cell, a lens and a detection polarizer (Gian Thompson), after which it was 
guided to a spectrometer (Ocean optics, SD2000) with an optical fiber (3M, 
multimode fiber, 600/xm diameter). A full absorbance spectrum was measured 
for magnetic field values between 0 and 20 T and analyzed at A =  464 nm. 
Magnetic birefringence was measured at T  =  20° C with the setup described in 
Chapter 2 using a 2 mm thick optical cell (Helma).
SAXS measurements were performed at the Dutch-Belgian BM26B beam- 
line (DUBBLE) at the ESRF in Grenoble (France). An X-ray photon energy 
of 12 keV and an 8 m sample-to-detector distance were used, yielding a q range 
of 0.005 A- 1  <  q <  0.07 A-1 . The positions of the diffracted peaks from 
standard silver behenate and rat tail collagen samples were used to calibrate 
the experimental g-range. The images were recorded using a 2D multiwire gas 
filled detector. A superconducting magnet was used to expose the sample to 
magnetic fields up to 6.5 T. For a better signal to noise ratio, the concentra­
tion of the thiacyanine solution was increased to 6.8 x 10- 4  M for the SAXS 
measurements.
All techniques were applied at room temperature to fibers in solution to 
avoid effects that can be present when aggregates are characterized after depo­
sition on a substrate, such as molecule-substrate interactions, aggregate growth 
due to an increasing monomer concentration or collapsing of the aggregates 
[10,18,19].
Results
Fiber rigidification
Figure 5.2 shows fluorescence microscopy images of the thiacyanine fibers at B  
=  0 T and 2 T. Without a magnetic field, the fibers are flexible, as seen by 
their movement in real time movies. Most remarkably, the flexibility disappears 
in a magnetic field of only 2 T, and the fibers appear as rigid rods in the FM 
movie (Figure 5.2 (b)). The rigidification is fully reversible, decreasing the 
field strength restores the flexibility, and was observed both looking parallel 
and perpendicular to the magnetic field direction (only the parallel viewing 
direction is shown in Figure 5.2). During the process of rigidification, the fiber 
length is unchanged and there are no signs of fiber bundling.
To gain a better understanding of the rigidification process, we have inves­
tigated the behavior of the thiacyanine fibers in strong magnetic fields using a 
set of complementary techniques. We have exploited the fact that, typically,
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cyanine aggregates can be readily aligned in strong magnetic fields [12,20]. We 
have used SAXS to investigate the overall magnetic alignment of the fibers, and 
to obtain information on the fiber thickness. We have used magnetic birefrin­
gence and polarized absorbance to determine the molecular orientation in the 
fibers. This combination of techniques can reveal the internal organization of 
the fibers, and thereby clarify the rigidification mechanism.
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Figure 5.3: SAXS results, (a) SAXS images at B — 0 T  and B — 6.5 T. 
The random orientation of the aggregates in the absence of a magnetic Reid, 
causing the isotropic scattering pattern, is turned to an anisotropic image by 
the fiber alignment in a magnetic Held. The magnetic Held is in the horizontal 
direction, (b) Scattering intensity in the horizontal direction as a function of 
magnetic Geld strength. The scattering without magnetic Geld is used as a 
background. Inset shows a full azimuthal scan from which the intensities were 
determined.
SA X S
Figure 5.3 (a) shows two SAXS images, with and without applied magnetic field 
respectively. Without a magnetic field, the random orientation of the aggregates 
gives an isotropic scattering pattern. In a magnetic field of 6.5 T, we observe 
a strongly anisotropic scattering pattern, indicative of a significant degree of 
magnetic alignment. At the g-range used, the X-ray scattering is primarily 
sensitive to the alignment of the fiber as a whole (vide infra). The enhanced 
intensity in the horizontal direction (along the magnetic field) demonstrates 
that the fibers align with their long axis perpendicular to the magnetic field.
To determine the degree of alignment, we measured the scattering intensity 
in the horizontal direction as a function of magnetic field (180° and 360° in 
the inset of Figure 5.3 (b)). To obtain a zero background signal, we subtracted 
the zero field intensity. This excess intensity is related to the fraction of fibers
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oriented with their long axis perpendicular to the magnetic field direction. Be­
tween 0 and 6.5 T, the degree of alignment continuously increases. At 6.5 T, 
there is no sign of saturation, indicating that 6.5 T is not enough to obtain 
complete alignment.
Figure 5.4 shows the X-ray scattering intensity as a function of q without
magnetic field, obtained by integrating the intensity in the 2D image (Figure
5.3 (a))over the azimuthal angle. When plotting log(I(q)q) vs q2 (Guinier plot,
R 2see inset), the slope for low q values is given by — with R c the cross section 
of the scatterers. Assuming a cylindrical structure, the radius r  is given by 
r =  R CV 2, yielding r  =  6-8  nm [2 1 ].
Unfortunately, the integrated SAXS intensity does not show clear peaks to 
determine the intermolecular distances, nor did any peaks arise when a mag­
netic field was applied. Most probably, the intermolecular distances within 
the experimentally accessible range (~ l -2 0  nm) are not so sharply defined and 
monodisperse, nor in the flexible fibers, nor in the rigid rods1.
To summarize, from the SAXS data we conclude that the thiacyanine mole­
cules form rodlike aggregates with a radius of 6-8 nm. The fibers align perpen­
dicularly to the magnetic field direction and 6.5 T is not enough to completely 
align the fibers.
M agnetic birefringence and polarized absorbance
The normalized magnetic birefringence of the thiacyanine solution is shown by 
the red circles in Figure 5.5. Initially, the application of a magnetic field gives 
an increase in the birefringence. The birefringence has a maximum at 2 T, 
beyond which it decreases, changing sign at about 6 T, and saturates around 
20 T.
The two alignment steps are also observed in the polarized absorbance mea­
surements. Figure 5.6 (a) shows the full absorbance spectra of the fibers in 
water for the different polarizations at B  =  2.5 T and B  =  20 T. Figure 5.6 
(b) shows the absorbance at A =  464 nm as a function of magnetic field for 
both polarizations. Initially, the parallel (perpendicular) absorbance increases 
(decreases), reaching a maximum (minimum) around 3 T. For stronger fields, 
the trend reverses and the absorbance of the two polarizations cross around 6 T. 
Around 20 T, both signals saturate, with the perpendicular absorbance much 
stronger than the parallel absorbance. The magnetic field does not cause a
'A  previous SAXS study on similar molecules gave intermolecular distances of the order 
of 101 — 102 nm, but in that case the concentration was much higher and the aggregates did 
not have a fiber shape [22].
65
5 Flexibility of thiacyanine fibers in a magnetic field
Figure 5.4: Integrated SAXS intensity of thiacyanine fibers in solution. Inset 
shows a Guinier plot, with a linear fit of the data in the range of 2 x 10-5 A~2 
< q~2 <  1 x 10-4  A~2, from which the fiber radius was determined to be 6-8
5 10 15 20
Magnetic field (T)
Figure 5.5: Magnetic birefringence of the thiacyanine fibers (circles), solid 
line shows the calculation described in the text. Inset shows a schematic 
representation of the thiacyanine molecules with the principle molecular axes.
significant shift in the absorbance spectrum, indicating that the intermolecular 
distances responsible for the strong absorbance peak are almost unchanged.
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Figure 5.6: Polarized absorbance of a thiacyanine solution in a magnetic 
Geld, (a) Full absorbance spectra at B=2.5T and B=20 T, unpolarized (black 
solid line), parallel polarization (red dashed line) and perpendicular polar­
ization (blue dotted line), (b) Magnetic Geld dependence of the absorbance 
of light with a polarization parallel and perpendicular to the magnetic Geld 
respectively, monitored at X=464 nm. The absorbance is normalized at the 
zero-Geld value.
Discussion  
M olecular organization
Based on the birefringence-, polarized absorbance- and SAXS measurements, 
and using the fact that the thiacyanine molecules form a J-aggregate, we pro­
pose the brickwork organization shown in Figure 5.7. The structure shown is a 
schematic representation, the SAXS results indicate that the intermolecular dis­
tances are not so sharply defined. The thiacyanine molecules are oriented with 
the molecular x-axis along the long fiber axis (consistent with the observation
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Figure 5.7: Schematic representation of the proposed molecular organization 
of the thiacyanine fibers. The molecular x-axis is directed along the long axis 
of the fiber. The two different short axes of the fiber are marked with a dark 
and light color.
by Yao et al. [23]), and the y- and z-axis along the two short axes respectively 
(for a definition of the molecular axes, see inset of Figure 5.5). As we will show 
below, this arrangement perfectly explains all the experimental results.
First of all we can understand the birefringence and polarized absorbance 
data over the entire magnetic field range, using the molecular diamagnetic sus­
ceptibilities and polarizabilities of the thiacyanine building blocks. The molecu­
lar principle magnetic susceptibilities were calculated by summing the suscepti­
bilities of the individual chemical groups (xxx =  —2.1xl0-9 , Xyy =  —2.05xl0-9 
and Xzz =  —4-8 x 10-9  m3/mol) [24,25]. Polarizabilities were obtained by 
an AM1/MOPAC calculation (a xx =  4.1 x 102 au, a yy =  2.7 x 102 au and 
olzz =  2.1 x 102 au). It is known that the aggregation might change the po­
larizabilities, but as long as the anisotropy does not change too much, the 
normalized birefringence will not change.
The best fit for the birefringence data (solid line in Figure 5.5) is obtained 
with an aggregate size of N  =  5.5 x 106 molecules. Using an estimated molecular 
volume of ~ 0.6 nm3, based on the molecular dimensions, and taking the radius 
from the SAXS measurements, this N  corresponds to a fiber length of 2 x 101/im, 
consistent with the observed length in the FM images.
The expected polarized absorbance of the proposed structure was calculated 
by taking the projection of the molecular dipole moment to the different polar­
ization axes, averaged over a Boltzmann distribution (equation 2.6 on page 13). 
The dipole moment was assumed to be along the a:-axis of the molecule. Again, 
the theoretically expected curve based on the organization shown in Figure 5.7
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(solid black line in Figure 5.6 (b)) qualitatively describes the data very well. 
The best fit was obtained by taking N  =  4.4 x 106 molecules, comparable to 
the value used for the theoretical birefringence curve.
From these dependencies we can derive the molecular orientation in a mag­
netic field. Without magnetic field (Figure 5.8 (a) top), there is no alignment 
and therefore no birefringence or polarized absorbance. At intermediate fields 
(Figure 5.8 (b) top), just after the rigidification, only the orientation of the 
molecular 2 -axis parallel to the magnetic field is energetically unfavorable, due 
to the large negative value for Xzz■ The molecules are still able to rotate about 
the magnetic field axis with the cyanine plane along the field direction. On 
average, this results in a positive An and an enhanced (reduced) absorbance 
of light with a parallel (perpendicular) polarization. At higher fields (Figure 
5.8 (c) top), a second orientation step occurs due to the difference between Xxx 
and Xyy, and all molecules align with the molecular y-axis along the magnetic 
field, resulting in a change in sign of both An and the polarized absorbance. 
As explained in Chapter 2 (page 20), a two step alignment process gives valu­
able information on the precise orientation of the thiacyanine molecules in all 
magnetic fields.
With this field dependent molecular orientation, and the proposed structure 
of Figure 5.7, we can explain the overall alignment as well. At 2 T, after the 
first alignment step, there is seemingly no alignment, because there are still 
fibers with the long axis along the field direction (Figure 5.8 (b) bottom). Only 
one fiber orientation, with the light face of the cylinder pointing in the magnetic 
field direction, is energetically forbidden. This gives a small net orientation (of 
fibers perpendicular to the magnetic field), causing an increase in the SAXS 
signal along the magnetic field direction (Figure 5.3 (b)). At higher fields, the 
second alignment step fully orients the fibers perpendicularly to the magnetic 
field (Figure 5.8 (c) bottom). The birefringence and polarized absorbance mea­
surements show that this second step is almost saturated at 20 T (Figures 5.5 
and 5.6 (b)), which is consistent with the fact that the anisotropy in the SAXS 
did not saturate at 6.5 T.
Flexible to  rigid transition
The most intuitive explanation for the magnetic field induced change in flex­
ibility is a simple magnetic alignment of the different segments of the fiber. 
Without a magnetic field, different fiber segments are able to change their ori­
entation with respect to each other, because of thermal motion. In a strong 
magnetic field, each fiber segment has a fixed orientation relative to the field 
axis when the magnetic orientational energy exceeds the thermal energy, leading
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to an apparent rigidification of the fiber.
However, there are two reasons why such a simple magnetic alignment mech­
anism cannot be the cause of the rigidification. First, Figure 5.2 (b) shows the 
microscope view parallel to the magnetic field. The magnetic orientational en­
ergy of a fiber segment is independent of a rotation about the magnetic field 
axis. Therefore, the fibers should be flexible in this viewing angle if the rigid­
ification is a simple alignment effect (Figure 5.9 (a)). Only with a viewing 
angle perpendicular to the magnetic field direction, the fibers appear rigid, if 
alignment is the cause of the change in flexibility (Figure 5.9 (b)). Instead, 
we observe rigid fibers looking from both directions. Second, considering the 
small thickness of the fibers (6 — 8 nm), the number of molecules per segment
(a)
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Figure 5.8: Schematic representation of the magnetic alignment of the mo­
lecules within the fibers (top) and the fibers as a whole (bottom). A dark 
and light face are used to indicate the two different short axes of the fibers. 
At low fields (a), all molecular orientations have equal probability. The fibers 
are oriented randomly and all fiber axes can be in the magnetic field direction 
(long axis, dark short axis and light short axis). A t intermediate fields (b), 
the orientation with the molecular z-axis along the magnetic field direction is 
energetically unfavorable. For the fibers, there is apparently no alignment, but 
it is energetically unfavorable to have the light face pointing in the magnetic 
field direction. At high fields (c), all molecules orient with the molecular y-axis 
along the magnetic field direction, and all fibers are aligned perpendicularly to 
the magnetic field with the dark face pointing in the magnetic field direction. 
The arrows on the left indicate the parallel and perpendicular directions used 
for birefringence and polarized absorbance measurements.
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is too low to overcome the thermal randomization and to align the segments at 
such low magnetic field strengths. Even for the fiber as a whole, the degree of 
alignment at 2 T is very low and fields in excess of 15 T are needed to reach 
complete alignment.
We attribute the fiber rigidification process to a subtle, magnetic field in­
duced, change in the internal molecular arrangement of the nanofibers. The 
actual molecular structure of an aggregate is the result of a minimization of its 
total free energy, with as most important contribution the internal energy due to 
the intermolecular interactions. It is well known that different cyanine dyes can 
form different aggregate structures [12]. Furthermore, some cyanine dyes can 
form different types of aggregates depending on the experimental conditions, 
such as temperature, concentration and solvent, analogous to polymorphism in 
crystal growth. In particular, we assume that the free energies of the internal 
organizations belonging to the flexible and rigid thiacyanine nanofibers studied 
here are almost identical, given the fact that a transition can be induced by 
small effects like irradiation with light, aging, or addition of NaCl [13]. We 
propose that in our experiment a similar structural transition is induced by the 
application of a magnetic field, which is triggered by a lower magnetic energy 
of the rigid nanorods relative to the flexible fibers. In addition, also a reduced 
elastic energy, that is, a smaller fiber bending energy, could play a role, favoring 
rigid over flexible nanofibers [26,27]. The change in fiber flexibility occurs at a 
relative low field of 2 T, and coincides with the first magnetic alignment step 
observed by magnetic birefringence and polarized absorbance. In fact, the ob­
servation of this first alignment step demonstrates that indeed the orientational
(a) (b)
Figure 5.9: Expected microscope views if the rigidiGcation is an alignment 
effect, (a) For the viewing direction parallel to the magnetic Geld, the fibers 
appear Gexible, because the magnetic energy of a molecule is independent 
of a rotation about the magnetic Geld axis, (b) For the viewing direction 
perpendicular to the magnetic Geld, the Gbers look rigid.
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magnetic energy is sufficiently large at low fields to be comparable to the ther­
mal energy and most probably also to the differences in internal energy of the 
different nanofiber structures. We note that the proposed change in internal 
fiber structure is too subtle to be visible as a shift in the UV-vis absorbance 
spectrum. Further experimental and theoretical work is needed to elucidate 
the precise nature of the field induced change in the flexibility of thiacyanine 
nanofibers.
Conclusion
We have observed a fully reversible change in the flexibility of thiacyanine ag­
gregates in a magnetic field of only 2 T. To our knowledge, this is the first time 
that such a magnetic field induced morphology transition has been observed for 
a supramolecular aggregate at such low fields. Using a combination of fluores­
cence microscopy, magnetic birefringence, polarized absorption and SAXS, we 
have determined the internal structure, and we have found a simple brickwork 
arrangement of the thiacyanine molecules in the fiber. We conclude that the 
rigidification has to be caused by a structural change of the internal organi­
zation, since it cannot be explained by a simple magnetic alignment of fiber 
segments. Further studies on the relation between the internal organization, 
external factors like NaCl concentration and magnetic field strength, and the 
flexibility are important to fully understand the flexibility change.
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Chapter 6
Full characterization o f the  
cooperative growth of 
oligo(p-phenylene-vinylene) 
nanofibers in solution
Abstract
We have investigated the growth of self-assembled oligo (p-phenylene-vinylene) 
nanofibers using a complementary set of techniques: atomic force microscopy, 
dynamic light scattering, magnetic birefringence and circular dichroism spec­
troscopy. We have determined the temperature dependent length of the chiral 
fibers in solution and compared it to different growth mechanisms, and we have 
determined the relevant thermodynamic parameters for this highly coopera­
tive growth process. This shows that a number of techniques is required to 
characterize the aggregation process over a large concentration range.
A manuscript with this work is in preparation:
Gielen, J.C., Smulders, George, S.J., Jonkheijm, P., Byelov, D., Van der
Schoot, Maan, J.C., Meijer, E.W., Schenning, A.P.H.J., Christianen, P.C.M., in prepa­
ration.
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Introduction
The spontaneous self-assembly of organic molecules into larger nanostructures 
has proven to be a successful strategy for the development of functional materi­
als with a great variety in morphology [1-3]. While the potential of self-assembly 
is clear, the mechanisms of the formation processes remain often poorly un­
derstood. Understanding and developing a mathematical description of these 
processes and identifying the responsible molecular interactions, allows for the 
development of functional nanostructures of increasing complexity [4].
There are several growth mechanisms for linear supramolecular aggregates, 
each with its own physical characteristics. We consider a thermally induced 
growth, where there is a critical temperature Tp below which the aggregate 
size changes rapidly. We can distinguish a non-cooperative, isodesmic growth 
and a cooperative nucleation-elongation growth1. For the first mechanism, the 
strength of the noncovalent interactions between monomers and aggregates, and 
thereby the association constant, is independent of the aggregate size (Figure 6.1
(a)). Examples of isodesmic behavior are the aggregation of perylene bisimide 
dyes and porphyrin assemblies [5,6]. In a cooperative process, the aggregate 
growth occurs in two stages, each with its own association constant (Figure
6.1 (b)). A recent example of a cooperative growth process is the formation of 
aggregates of chiral discotic molecules [7]. Whether a system behaves isodesmic 
or cooperative depends on electronic, structural or hydrophobic effects [8].
(3) K
<b> f Ì K’ *■ flYYYYB
[ ^ ^ » ] N +  [ « — 0 ] N+1
Figure 6.1: Schematic representation of the models discussed in the text, (a) 
Isodesmic model with one association constant for the addition of a monomer 
to a stack, (b) Nucléation growth model, with one association constant for 
the activation, and one association constant for the growth of the aggregate.
1A  third mechanism can be considered for systems where ring-closure can occur: the two 
ends of the linear aggregate connect to each other.
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To identify the growth mechanism by which molecules self-assemble, it is 
important to accurately measure the aggregate size as a function of tempera­
ture. We have used dynamic light scattering (DLS) and magnetic birefringence 
(An) to directly measure the growth of oligo (p-phenylene- vinylene) (OPV) ag­
gregates. These aggregates are ideal for our purpose for several reasons. First, 
the OPV molecules form highly ordered one-dimensional molecular fibers that 
can be structurally characterized by atomic force microscopy (AFM) [10-12], 
of which the growth can be compared to the different growth mechanisms de­
scribed above. Second, the molecules form chiral aggregates, resulting in a 
circular dichroism (CD) signal to probe the aggregation process. Third, the 
molecules have strong optical and magnetic anisotropies, which is a prerequi­
site for magnetic birefringence measurements.
DLS is a common technique for characterizing micellar growth [13], and 
magnetic birefringence is frequently used in our group to analyze supramolecular 
self-assemblies. For the interpretation of these results on supramolecular aggre­
gates, knowledge of the fibers persistence length and the fraction of aggregated 
material at each temperature is a prerequisite. These quantities were measured 
by AFM and CD respectively. In contrast to the use of mere spectroscopic 
techniques, we can study highly concentrated solutions with this set of tech­
niques, we can distinguish the situation of a small number of large aggregates 
from a large number of small aggregates (see Figure 6.2 (c) and (d)), and we 
can unravel different processes giving rise to the same spectroscopic changes [9]. 
This allowed us to accurately determine the thermodynamic parameters for the 
cooperative growth process of the OPV molecules.
O PV fibers
The molecular building blocks comprise oligo (p-phenylenevinylene) deriva­
tives with chiral side chains (OPV3 and OPV4, structures shown in Figure 6.2
(a)). In apolar solvents, OPV dimers are formed via the self-complementary 
quadruple ureido-s-triazine hydrogen bonding units. These dimers reversibly 
self-assemble into cylindrical helical stacks due to tv — 7r-interactions of the 
phenylenevinylene backbone (Figure 6.2 (b)). Small angle neutron scattering 
experiments showed that the diameter d of the chiral stacks are d o p v 3 = 5  nm 
and d o p v 4 = 6  nm [10 ] respectively, which corresponds to the length of a dimer.
These fibers can be transferred to a solid support by drop-casting [11]. Fig­
ure 6.3 (a) shows a typical AFM image of OPV4 fibers made by drop-casting 
a 1.3 x 10- 5  M solution in heptane on a HOPG substrate. The fibers are not 
clustered [14] and ring-closure is not observed. Because of the effects of sol­
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vent evaporation and molecule-substrate interactions, AFM is not suited for 
measuring the temperature dependent aggregate size quantitatively, but it is 
useful for visualization and determination of the fiber properties. Figure 6.3
(b) shows a length histogram of the fibers, showing an exponential distribution 
(P(L) =  jr exp(—¿)) with an average length L =  2.6 x 102 nm. Such a dis­
tribution is theoretically predicted for both the isodesmic and the cooperative 
growth model [15].
Measuring the contour length and end-to-end distance of 65 free laying 
fibers, showed that the fibers were equilibrated on the surface (Figure 6.3 (c))
(a) W
Figure 6.2: (a) Molecular structure of the oligo(p-phenylenevinylene) mole­
cules. For OPV3 n = l and for OPV4 n=2. (b) Schematic representation of 
the organization of the monomers in a fiber. Two monomers form a dimer by 
hydrogen bonding, which form a chiral stack, (c) and (d) Schematic represen­
tation of a solution with a small number of large fibers versus a larger number 
of smaller fibers, which cannot be distinguished based on the fraction of ag­
gregated material only. Individual dimers are drawn to indicate the belance 
between monomers and aggregates.
78
[16], yielding a persistence length lp =  3.5 x 102 nm [17]. For the OPV3 fibers, 
we expect a comparable but slightly smaller value for lp, due to the reduced 
7r-conjugated area. The persistence length is an important parameter for the 
interpretation of magnetic birefringence measurements on flexible fibers (see 
page 23 of Chapter 2).
Countour length (nm)
Figure 6.3: (a) AFM image of OPV4 fibers on HOPG made by drop-casting 
a 1.3 x 10-5 M solution in heptane, (b) Histogram showing the aggregate 
length distribution of 65 free laying fibers from the image of part a. Solid 
line is an exponential distribution with a typical length of 2.6 x 102 nm. Due 
to the image resolution, fibers smaller than 150 nm were difficult to measure, 
and were therefore ignored in the analysis, (c) Measured end-to-end distance 
versus contour length for the 65 fibers from the AFM analysis, compared to 
the theoretical curves for equilibrated (solid black line) and trapped (dashed 
red line) fibers.
Experim ental details
The aggregate growth experiments were performed in solution at a concentra­
tion of lm g/m l in dodecane ( C o p v 3 =  8.9 x 10-4 M, C o p v 4 =  6.7 x 10-4 M). 
Solutions were heated and filtered using Alltech HPLC PTFE syringe filters 
with a pore size of 0.45 ¡im. UV-vis absorbance measurements before and after 
filtering showed that the concentration did not change.
For all measurements, the sample was heated to 20 K above the aggregation
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temperature for 15 minutes to dissolve all existing aggregates. Then the sample 
was slowly cooled to room temperature, to observe the aggregates in the ther­
modynamically equilibrated state/size. For the CD measurements, the cooling 
rate was 1 K/min. For the DLS and birefringence experiments the effective 
cooling rate was even lower because of the time needed for the measurement 
at every temperature (never exceeding 1 K/min between consecutive measure­
ments). Measurements with the different techniques were performed on the 
same physical solution within one week time, to rule out possible degradation 
of the sample.
Circular dichroism spectra were recorded on a Jasco J-815 spectropolarime- 
ter, equipped with a Peltier temperature controller (PFD-425S). The CD signal 
was measured at one monitoring wavelength every 0.1 K during cooling. CD, 
being a background free method, is preferred over UV-vis absorbance to mea­
sure the fraction of aggregated molecules. Because of the strong absorbance a 
thin cuvet was used with an optical path length of 1 mm.
The DLS measurements were performed with a computerized homemade 
goniometer in the angular range of 30 to 90 degrees (an extensive description 
of the scattering setup can be found in Chapter 3). The cuvet (Hellma, 10 
mm diameter) was submerged in a glycol bath to avoid reflections from the 
cuvet walls. The incident beam was produced by a dye laser operating at 597 
nm. The scattered light was captured using a single mode optical fiber with a 
collimating lens in combination with an ALV/SO-SIPD single photon detector. 
The detector output was sent to an ALV-5000/E multiple tau digital correlator, 
using a typical acquisition time of 100s. A temperature controller was used to 
stabilize the temperature within 0.1 K during the measurements.
The magnetic field induced birefringence was measured with the setup de­
scribed in Chapter 2. The sample was contained in a 5 mm optical cell (Hellma) 
with a water-based temperature controller (=L 0.1 °C). The magnetic birefrin­
gence was measured by slowly sweeping the magnetic field between 0 and 20 T. 
The small birefringence of the pure solvent, caused by the experimental setup, 
was used as a background.
Results
Figure 6.4 (a) shows the circular dichroism  spectra for the aggregated state 
of the OPV derivatives at room temperature, with a bisignated Cotton effect 
caused by the helical arrangement of the transition dipoles of the OPV mole­
cules. The aggregation was monitored at wavelengths Amon in the wing of the 
CD peaks (Amon>opy3 =  325 nm and Amon>opy4 =  400 nm, indicated by the ar­
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Figure 6.4: (a) CD spectra of the OPV aggregates in dodecane at room 
temperature. The arrows indicate the monitoring wavelengths (Xmon,OPV3 = 
325 nm and Xmon,OPV4 =  400 nm). (b) Temperature dependent CD signal at 
the monitoring wavelengths. Solid lines indicate the theoretical Gts, yielding 
hp,opv3 = 120 ± 6 kJ/mol and hPto p v 4 = 144 ± 6 kJ/mol. Inset shows the 
sharp onset of the CD signal at Tp (indicated by the dashed line).
rows), because of the high concentration and the strong absorbance. Since only 
molecules in chiral aggregates contribute to the signal, CD probes the fraction 
of helically aggregated material rj. Because of the high concentrations and the 
relatively small aggregate size, knowledge of rj is essential to extract the average 
aggregate length from the light scattering and magnetic birefringence data (see 
Chapter 2).
Figure 6.4 (b) shows the normalized increase of the CD signals at Amon 
with decreasing temperature. A zero CD signal above the elongation temper­
ature (TPio p v 3 =  340 K and Tp opva  =  360 K) demonstrates the absence of 
(chiral) aggregates. Below Tp, the CD signals abruptly increase with decreas­
ing temperature, and saturate when all monomers are incorporated in chiral 
aggregates.
Dynamic light scattering was used as a direct probe of the aggregate length. 
For several temperatures below Tp, the intensity correlation functions were mea­
sured for different scattering vectors q (see Figure 6.5 for an example). For the 
small scattering vectors (qm%n= 7.7 ¡im-1 and gmax=15 ¡im-1) the correlation 
functions were fitted using a cumulant analysis [18] (solid lines in Figure 6.5), 
allowing the determination of the mean decay rate as a function of q2 (inset of 
Figure 6.5). The slope gives the translational diffusion coefficient (top part of 
Figure 6.6). Above Tp, there is only scattering from monomers and solvent. Be-
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Figure 6.5: Correlation functions for the OPV3 sample at 330.9 K  measured 
at a scattering angle of 30° (squares), 45° (circles) and 60° (triangles) (scat­
tering vectors q=7.7, 11, and 15 fim-1). Solid lines are the cumulant Gts. 
Inset shows the decay rates obtained by the cumulant analysis of the small 
angle measurements for three different temperatures. A linear Gt (solid lines) 
is used to obtain the diffusion coefficient.
low Tp, the scattering intensity increases and the diffusion coefficient decreases 
due to the aggregate growth (see Chapter 3).
The standard expression for the diffusion coefficient D t for a cylindrical 
aggregate of length L  at infinite dilution is given in units of m2s_1 by [19]
kbT  /  ,L . 0.565d 0.050d2\
D ‘  =  3 i i K i )  +  0-3 1 2 + - L --------------------- IT - ) '  <M >
with rjs the solvent viscosity in units of kgm-1s-1 and d the aggregate diameter. 
This equation is almost exact for L /d  <  30, but its error is smaller than the 
experimental error far beyond this regime. The aggregate length L  is related 
to the aggregate size N  by the intermolecular distance in the aggregate (L =  
y  x 0.35 nm).
Because of the shape of the fibers and the high concentration used, the 
structure factor relates the apparent diffusion coefficient D app to D t with the 
volume fraction of aggregates 0 and the weight-averaged aspect ratio A =  [20]
D app =  D t (1 +  2<j,A) , (6.2)
where 0 was estimated assuming a similar density for the OPV molecules in 
dodecane as the solvent itself, resulting in 0 =  1.33 x 10-3 for both compounds.
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Figure 6.6: Light scattering data. Top part: Diffusion coefficients as a func­
tion of temperature for 0PV3 (circles) and 0PV4 aggregates (squares). Lines 
show the diffusion coefficients corresponding to the Gt of the data in the bot­
tom part, obtained using the polymerization enthalpy obtained from the CD 
data. Bottom part: The corresponding average aggregate length for 0PV3  
(black squares) and 0PV4 (red circles). Lines are the Gts to obtain K a. The 
grey vertical lines are positioned at the elongation temperatures.
The bracketed term causes the diffusion coefficient to saturate for large L, since 
Dt oc jj. This reduces the sensitivity of DLS at low temperatures, when the 
aggregates are long. With these equations, the diffusion coefficients measured 
by DLS were converted to an average aggregate length (symbols in bottom 
part of Figure 6.6) by taking the z-average of D app over an exponential size 
distribution [21]. At temperatures just below Tp, the aggregates are small 
with a length below 50 nm. Cooling causes an abrupt growth, almost to the 
micrometer regime, within a temperature range of only 20-30 K.
Magnetic birefringence gives an additional, independent method to deter­
mine the aggregate size. The diamagnetic anisotropy of the OPV molecules and 
the high degree of order within the chiral fibers cause the aggregates to align
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Figure 6.7: (a) Magnetic Geld induced birefringence in the 0PV3 solution. 
The birefringence is linearly proportional to the square of the magnetic Geld, 
the slope increases with decreasing temperature due to an increasing aggregate 
size and an increasing rj. (b) Slope of the birefringence curve divided by r] as 
a function of temperature. This gives the relative size of the aggregates. The 
solid line is a theoretical Gt yielding K a o p v 3 = 3 ± 2 x 10-6. For the OPV4, 
artifacts give a decrease of the birefringence at low temperatures (see text). 
The vertical lines indicate the elongation temperatures.
perpendicularly to the magnetic field, with the conjugated plane of the OPV 
molecule parallel to the field. The longer the fibers, the easier the thermal ran­
domization can be overcome, and the better the aggregates align, which leads 
to the size dependence of this method.
The magnetic field induced alignment is measured as linear birefringence 
An, shown for the OPV3 in Figure 6.7 (a) as a function of the square of the 
magnetic field. Above Tp, An is zero, because there are no ordered aggregates 
of considerable size. Below Tp, the magnetic alignment of the fibers causes 
An to increase linearly with B 2, indicating that the alignment is far from 
saturation because of the relatively small number of molecules per aggregate. 
With decreasing temperature, the slope of the An (B 2) curve increases due to 
the growth of the fibers and the increase in the fraction of aggregated molecules 
i). Quantitatively, the slope is proportional to the number of molecules in an 
aggregate N , rj, and the anisotropies in the polarizabilities A a  and magnetic 
susceptibilities A% (see page 22 of Chapter 2). Figure 6.7 (b) shows the slope 
of the An (B 2) divided by rj, which gives the relative length of the aggregates as 
observed with magnetic birefringence. For an absolute length, accurate values 
for the anisotropies (Aa and A%) are required.
Because of the fiber flexibility, the length observed with magnetic birefrin­
84
gence is smaller than the actual length of the fiber. For short fibers, this effect 
is very small, but for fibers much larger than lp, an increase of the length will 
give only a small increase of the birefringence. With the persistence length, and 
equation 2.25 on page 23, the relative observed lengths from the birefringence 
can be transformed to relative fiber lengths.
Discussion
The strong increase of the aggregate size below Tp, as observed with DLS and 
An, and the rapid increase of r¡ observed with CD, confirms the cooperative 
growth process as was observed before for OPV solutions at lower concentra­
tions [22]. An isodesmic process would have shown a more moderate growth. 
Figure 6.1 (b) shows a typical example of a cooperative growth process, where 
a monomer is activated, allowing for a stack to grow. Although there are 
other types of nucleated assembly mechanisms, they are practically difficult 
to distinguish. Therefore we use the mathematically simplest one [15], which 
was modified using first order approximations of the association constants [23], 
leaving only two parameters to characterize the entire growth: the enthalpy of 
the addition of a monomer hp, and the equilibrium constant of activation at the 
elongation temperature K a(T =  Tp), further referred to as K a. The elongation 
temperature Tp can be easily identified as the temperature below which the 
aggregates rapidly grow. Other theoretical descriptions of cooperative growth 
mechanisms with more parameters require more independent techniques since, 
for instance, different sets of parameters can give comparable spectroscopic 
signals [24,25].
To extract hp and K a from the data, we have used the following procedure: 
we have fitted the fraction of aggregated material, measured by CD, to obtain 
hp. Then, we fitted the lengths obtained with light scattering and birefringence 
with only K a as fitting parameter, using hp and r¡ from the CD. In principle, 
the light scattering and birefringence experiments can give both hp and K a. 
However, our two step approach with the CD data gives more accurate results, 
since we can determine each parameter with an independent technique. For 
some other systems and less concentrated solutions, spectroscopic signals like 
CD or UV-vis absorbance can be directly related to the aggregate size, assum­
ing a certain growth model. However, for highly cooperative systems and high 
concentrations, the abrupt change in the spectroscopic signal hampers an ac­
curate determination of the association constants and thereby the aggregate 
length, particularly in the case absorbing samples [7].
We have fitted rj(T) below the elongation temperature Tp using the expres-
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sion of the modified cooperative growth model [23]
V(T) =  1 -  exp ~  Tp)) (T < T p) (6.3)
with kb Boltzmann’s constant. hp is the only fitting parameter (solid lines 
in Figure 6.4 (b)), Tp was determined manually from the onset of the CD 
signal. Only the temperature regime 25 K below Tp was fitted, because in this 
regime the aggregates are relatively small, and the influence of linear dichroism 
(LD) is negligible [26]. For both data sets we obtain excellent fits, yielding 
hPto p v 3 =  120 ±  6 kJ/mol and hPto pva =  144 =L 6 kJ/mol.
Within the same model, the temperature dependent average length is given
tj and hp from the CD, and the length measured with DLS and magnetic bire­
fringence, the missing parameter K a(T  =  Tp) can be determined with two 
independent techniques.
Only the DLS data in the temperature range of 15-20 K below Tp were fitted 
(lines in the bottom part of Figure 6.6, the corresponding theoretical diffusion 
coefficients are given by the lines in the top part). For lower temperatures, 
the fibers become so long they start overlapping, which hampers the diffusion. 
The values giving the best fits are i f a,OPy3 =  8 =t 3 x 10-6 and i f a,OPy4 =
1.2 =L 0.3 x 10-6 .
For the OPV3 aggregates, fitting the relative lengths obtained with mag­
netic birefringence gave i f a,OPy3 =  3 ± 2  x 10-6 (solid line in figure 6.7 (b)). 
The OPV4 data could not be fitted because of the peculiar behavior at low tem­
peratures (Figure 6.7 (b)). The slope of the birefringence decreases below 335 
K, even though the fraction of aggregated material is almost constant. This re­
duction is not caused by a decreasing aggregate length. The combination of the 
high volume fraction and the large aggregate length (DLS experiments show an 
average fiber length of almost a micrometer) most probably leads to hindrance 
in the alignment of the fibers: the fibers cannot fully orient to the magnetically 
most favorable orientation because they are hindered in their motion by neigh­
bouring aggregates. Such a reduction in the birefringence has been observed 
before for macrocycle aggregates [28] (see Chapter 7).
The good fits in Figures 6.4, 6.6 and 6.7 demonstrate that the growth of 
OPV aggregates is described very well by a cooperative growth model. The
by
(6.4)
It was assumed that the activation enthalpy is small compared to hp [27]. With
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parameters describing the aggregate growth are summarized in Table 6.1. The 
good fits show there is no need to incorporate the full temperature dependence 
of K (j, which would require an additional fitting parameter.
OPV3 
Cq p v 3 =  8.9 x 1(T4 M
OPV4 
Cq p v 4 =  6.7 x IO"4 M
value technique value technique
hp 120 ±  6x kJ/mol CD 144 =t 6x kJ/mol CD
K a 8 ±  3 x 10"e 
3 ±  2 x 10"6
DLS
Birefringence
1.2 ±0 .3  x 10"e DLS
Table 6.1: The values for the growth parameters of the OPV derivatives 
found with CD, DLS and magnetic birefringence.
The values found for hp are comparable to the ones in reference [22], where 
also CD was used for determining the enthalpy. The larger chromophore length 
for the OPV4 molecules gives a stronger 7r-7r-interaction, causing hPto p v a  to be 
larger than hp¡o p v 3- This is consistent with the observation that Tp o p v 3 < 
Tpf lp v 4 , despite the slightly higher molar concentration of OPV3. The larger 
hp, the faster the aggregates will grow with decreasing temperature and the 
larger the aggregates will be.
In contrast to the good agreement for hp, the obtained values for K a are 
much smaller than the values found in reference [22], which is caused by the 
fact that the concentration we used is higher. Tp increases with increasing 
concentration, and thereby the temperature where K a is evaluated. Since the 
equilibrium constant decreases with increasing temperature, K a(T  =  Tp) de­
creases with increasing concentration [7].
The small values of K a indicate a high degree of cooperativity, with the 
consequence of a large aggregate size. In this particular case of OPV molecules, 
structural effects are the most probable cause of the cooperativity. The molecule 
should be flat to be incorporated in a stack, where in solution, it is most likely 
not flat. Therefore, to become part of an aggregate, the molecule must adopt 
a thermodynamically less favorable conformation [8], which is the activation 
step, leading to the cooperative growth behavior.
Conclusion
In conclusion, we have determined the thermodynamic growth parameters for 
OPV aggregates using a combination of AFM, spectroscopic techniques, DLS
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and magnetic field induced birefringence. The good agreement between the 
measured aggregate size and the theoretical values shows that a cooperative 
growth model gives an excellent description of the growth of supramolecular 
aggregates. Studying the controlled temperature induced growth of supra­
molecular aggregates will lead to a better understanding of the underlying 
mechanisms. We have shown that a large number of techniques is needed for 
an accurate characterization of the growth at all concentrations.
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Chapter 7
Aggregation kinetics o f  
m acrocycles detected  by 
m agnetic birefringence
Abstract
We have used magnetic field induced birefringence as a new sensitive technique 
to probe the aggregation kinetics of macrocyclic molecules in solution. We have 
found three consecutive aggregation stages: disordered objects, ordered fibers, 
and a network. The transition from disordered objects to ordered fibers is found 
to be slow, taking days or weeks to complete. We anticipate that linking aggre­
gation kinetics to molecular properties will lead to a better understanding of 
the mechanisms by which molecules self-assemble, allowing for a more rational 
design of the molecular building blocks.
This work has been published in:
Gielen, J.C., Ver Heyen, A., Klyatskaya, S., Vanderlinden, W., Höger, S., Maan, J.C., 
De Feyter, S., Christianen, P.C.M., Journal of the American Chemical Society, 131 
(40), 14134-14135, 2009.
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Introduction
Self-assembly of organic molecules offers an attractive approach for the develop­
ment of potentially functional nanostructures using relatively simple molecular 
building blocks [1]. In contrast to the numerous investigations of the structural 
properties of supramolecular aggregates, only a small number of studies focus 
on the time scale of self-assembly [2,3], disassembly [4], and aggregate morphol­
ogy transitions [5]. The kinetics can give valuable information on the aggre­
gation route and the intermolecular interactions, allowing for better tuning of 
the molecular building blocks needed for rational design of complex functional 
nanostructures [6-8].
We have investigated the kinetics of the temperature-induced aggregation 
of macrocyclic molecules in solution using magnetic field induced birefringence. 
This technique is sensitive to the degree of molecular order of an entire aggregate 
rather than the short range order probed by techniques such as UV-vis and 
circular dichroism spectroscopy. Therefore, we can distinguish ordered and 
disordered macrocycle aggregates in a quantitative manner. We have found 
that after a monomeric solution of macrocycles is cooled to a temperature Tf 
below the aggregation temperature, it takes days or weeks to form ordered 
aggregates, with a formation rate that increases with decreasing Tf. Such 
slow formation is unusual for individual conjugated aggregates, which exhibit 
typical time scales of a few seconds [9] to several hours [10]. We attribute this 
exceptionally slow behavior to the polystyrene tails of the macrocycles, which 
hamper the aggregation of the rigid cores.
Macro cycles
The shape-persistent macrocycle (Figure 7.1) comprises a phenylene-ethyn- 
ylene-butadiynylene backbone as a rigid core [11] [12]. Four extraannular tert- 
butyl groups and two large, flexible polystyrene chains are attached to the 
vertices of the backbone to enhance the solubility of the molecule.
The molecule possesses a large anisotropy in the diamagnetic susceptibil­
ity (Ax 10 7 m3/mol) resulting from the coplanar orientation of the phenyl 
rings [13]. An external magnetic field tends to orient such anisotropic molecules 
in order to minimize their magnetic energy. However, for individual molecules, 
the change in energy is small relative to the thermal energy. Only a large 
group of ordered molecules can overcome the thermal randomization and align. 
Therefore, only ordered aggregates of sufficient size can be oriented by experi­
mentally available magnetic fields, whereas disordered aggregates cannot [14]. 
The induced alignment can be detected optically as magnetic-field-induced bire-
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Figure 7.1: Chemical structure of the shape-persistent coil-ring-coil macro­
cycle (ntt25).
fringence An (magnetic birefringence). Since An depends on size, order, and 
aggregate density, we can follow the time-dependent aggregation process in 
solution in a contact-free way.
In cyclohexane, the macrocycle forms fibers that can be transferred to a 
mica substrate by drop-casting [11] [12]. Because of the effects of solvent evap­
oration and molecule-substrate interactions, atomic force microscopy (AFM) 
is not suited for studying the kinetics, but it is useful for visualizing the fiber 
morphology (Figure 7.2 (a)). The fibers all have a diameter of 5 nm and are 
not clustered.
The length distribution was determined by analyzing the length of 103 fibers 
in the AFM picture of Figure 7.2 (a). Fibers with a length shorter than 0.25 
Hm were hard to recognize in the AFM picture and were therefore ignored in 
the analysis. The length histogram displays the typical exponential distribution 
expected for supramolecular aggregates with an average length of 1.6 =L 0.1 ¡im 
(Figure 7.2 (b)) [15].
To estimate the persistence length lp, we compared the length and end-to- 
end distance of 87 free-laying fibers in the AFM image with the theoretical 
prediction for equilibrated fibers and trapped fibers (Figure 7.2 (c)) [16] [17]. 
This shows that the fibers are equilibrated on the surface, giving Zp =  1.0 ±
0.2 nm. The persistence length of semi-flexible aggregates is important for 
magnetic alignment.
Underneath the fibers, an additional layer is visible in the AFM images. It 
consists of a macrocycle layer with holes, formed by the unaggregated mono-
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Figure 7.2: (a) AFM image of a 10~6 M solution drop-cast on mica at room 
temperature, showing the fibers, (b) Histogram of aggregate length (based 
on 103 fibers longer than 0.25 ¡im, bin size =  1 ¡im). The fit yields a typical 
length of 1.6 ±  0.1 ¡im. (c) Measured average end-to-end distance versus 
the contour length for the fibers from the AFM analysis, compared to the 
theoretical curves for equilibrated (red solid line) and trapped fibers (green 
dashed line) [17].
mers. The holes are not uniform in dimension and are probably formed due to 
dewetting phenomena. Upon dilution of the drop-cast solution the holes become 
larger. The aggregates in this background layer are formed during evaporation 
of the solvent due to molecule-substrate interactions, and are not present in 
solution [18].
Experim ental details
AFM was performed with a commercial (multi mode) AFM operating in tap­
ping mode. A calibration silicon grating was used to calibrate the piezo scanner. 
Both topographical and amplitude images were recorded under ambient condi­
tions (air environment and room temperature) with scan rates less than 1 Hz, 
collecting 512 x 512 points for each image. The commercial rectangular silicon 
cantilevers from Veeco (115-135 ¡im long, 30-40 ¡im wide, 3.5-4.5 ¡im thick) 
have a nominal spring constant in the range of 20-80 N/m and a resonance 
frequency of 260-303 KHz.
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The magnetic field induced birefringence was measured with the setup de­
scribed in Chapter 2. The sample was contained in a 5 mm optical cell (Hellma) 
with a water-based temperature controller (=L 0.1 °C). The magnetic birefrin­
gence was measured by slowly sweeping the magnetic field between 0 and 20 T. 
The small birefringence of the pure solvent, caused by the experimental setup, 
was used as a background.
The light scattering measurements were performed with a computerized 
homemade goniometer, using a step size of 1 degree in the angular range of 
30 to 110 degrees, corresponding to the scattering wave vectors of 1.1 x 107 to 
3 x 107 m-1 (an extensive description of the scattering setup can be found in 
Chapter 3). The scattered intensity was measured using a single mode opti­
cal fiber with a collimating lens in combination with an ALV/SO-SIPD single 
photon detector, using a 5 s integration time per angle. A water based temper­
ature controller was used to stabilize the temperature within 0.1 K during the 
measurements.
The UV-vis absorbance spectra were measured with a home-made setup. 
Unpolarized light from a halogen-deuterium light source (Avantes, DH2000) 
was guided to the sample through an optical fiber (Thorlabs, multimode fiber). 
The light transmitted through was collected by a second fiber that coupled 
the light into a spectrometer (Ocean Optics, SD2000) containing a grating and 
a diode array (resolution 0.5 nm). The sample was stored in a temperature 
controlled bath, from which it was shortly taken out to measure a spectrum.
We measured the magnetic birefringence of a 10-4 M macrocycle solution in 
cyclohexane up to 400 h after cooling to the measurement temperature T f  (10, 
14, 16, or 18 °C). Between the measurements, the samples were not exposed to 
a magnetic field. To start, the solution was heated above 35 °C for 15 min to 
dissolve all of the aggregates, as verified by light scattering. The sample was 
then cooled to T f  using air and a water bath, yielding an average cooling rate 
of ~ l-2  K/min. A T f  lower than 10 °C resulted in coagulation of the solvent 
(Tmeit =  6.59°C). For a T f  higher than 18 °C, no (ordered) aggregates were ob­
served on an experimentally accessible time scale. The UV-vis absorbance was 
measured for comparable time scales and temperatures as the magnetic bire­
fringence measurements, to probe the aggregation process with an additional 
independent technique.
Results
A set of magnetic birefringence curves as a function of time after preparation 
is shown in Figure 7.3 (a). At early times, there is no birefringence. With
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Figure 7.3: (a) Time dependent magnetic birefringence curves at T f  =  16 
°C. Right after cooling down (t =  0 h), there is no birefringence. In time, 
the signal increases until it saturates after ~ 180 h. (b) Number of molecules 
per aggregate Nt , obtained by fitting the birefringence curves, as a function of 
time for Tf =  16° C and Tf =  18PC. Assumed is an exponential distribution 
of aggregate sizes P(N) ~ exp(—N /N t).
time, an appreciable signal develops that resembles the usual 5-shaped curve 
(see Chapter 2). For low field strengths, An increases quadratically with B ,  
followed by a slower increase in the intermediate regime up to 20 T. Application 
of higher fields would further increase the alignment until the birefringence 
saturates, but this would require fields higher than 20 T for the macrocycle 
aggregates.
Figure 7.4 (a) shows the magnetic birefringence caused by the macrocycle 
alignment at B =  20 T as a function of time after cooling. We can distin­
guish three different time regimes, which we will discuss on the basis of the 
T f  =  14 °C measurements. Immediately after the system is cooled, there is 
no birefringence signal, and there is no change in the UV-vis absorbance spec­
trum (Figure 7.5) that would indicate aggregation (vide infra). However, light 
scattering experiments indicate the presence of large objects characterized by 
strong scattering, predominantly at small scattering vectors (Figure 7.6 (a)). 
The objects are so large that they precipitate, causing a decrease in the scatter­
ing intensity in time. The absence of both a magnetic birefringence signal and 
a shift of the absorbance maximum proves that these objects have a negligible 
degree of (long-range) order (regime I in Figure 7.4 (b)).
To observe the morphology of the disordered objects, AFM was performed 
on a 10-4 M solution at 18 °C, 1 hour after cooling down, drop-casted on mica 
(Figure 7.6 (b)). A clear difference can be observed between the mica substrate
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Figure 7.4: (a) Solution birefringence at B =  20 T as a function of time 
for different temperatures T f .  (b) Schematic representation of the situation 
at T f  =  14° C showing the transition from disordered objects (I) to ordered 
fibers (II) to a large network of fibers (for low T f ) (III).
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Figure 7.5: Time dependent increase of the absorbance at X =  329.2 nm 
(aggregate peak) for Tf =  10.3, 14 and 16 °C. Spectra were normalized at 
X=315.1 nm, the absorbance maximum of the monomer solution. Inset shows 
the full spectra of a solution with monomers and aggregates respectively.
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Figure 7.6: (a) Static light scattering measured at several moments after 
cooling down. The strong scattering at low scattering vectors indicates the 
presence of large objects, (b) AFM topography image of a 10-4 M solution, 
drop casted from a solution at 18° C, 1 hour after cooling down. Inset shows 
an amplitude image of the selected area. No fiber-shaped aggregates can be 
observed.
(fiat holes) and the macrocycle layer. In contrast to an AFM image of a solution 
stored in the fridge for several weeks, no fibers are observed after evaporation 
of the solvent. Due to the high concentration, it was difficult to determine the 
shape and size of the disordered objects.
During a period of a few days, the disordered objects are transformed into 
ordered fibers, which can be aligned in a magnetic field (regime II), causing 
An and the aggregate absorbance to increase in time (vide infra). We can 
exclude the presence of other aggregate morphologies, since AFM [18] and small- 
angle X-ray scattering [19] have shown that over a range of concentrations and 
temperatures, only fiber-shaped aggregates exist in equilibrated solutions.
After 50 h, the fibers slowly cluster to form a network (regime III), causing 
a reduced An. We verified that this reduction was not caused by precipitation. 
The network formation only occurs for Tf < 16°C and can be observed with 
the naked eye (Figure 7.7). A small rise in temperature quickly breaks up this 
network; drop-casting a solution with networks on mica at room temperature 
still results in individual fibers on the substrate (Figure 7.2 (a)).
The formation of ordered aggregates leads to a change in the UV-vis ab­
sorbance spectrum due to the coupling of molecular dipole moments. Figure 
7.5 shows the absorbance at A =  329.2 nm (aggregate peak) for the absorbance 
spectra normalized at A=315.1 nm (monomer peak). For all temperatures, the
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Figure 7.7: Pictures of a cuvet with the macrocycle solution. The left picture 
shows a cuvet at 18 °C, the right picture (with close up) shows a cuvet at 10 
°C. The white substance observed in the right cuvet is a network of fibers.
spectrum right after cooling is identical to the monomer spectrum. For the 
lower temperatures, the aggregate peak increases in time with respect to the 
monomer peak, indicating the formation of ordered aggregates. For T f =18 °C 
(not shown in the graph), the change in the absorbance spectrum is too small 
to measure the kinetics of the transformation, because of the low fraction of 
aggregated molecules. The saturation values of the absorbance are different 
for the different temperatures. The difference is caused by the temperature 
dependence of the fraction of aggregated molecules, and by the fact that the 
absorbance measurements were done on different samples, which may have re­
sulted in a small variation in the concentrations. The time scales found are 
comparable to the time scales found with magnetic birefringence.
Discussion
Figure 7.4 (b) shows a schematic representation of the three regimes. After 
cooling down, disordered large objects are formed (regime I). In time, these 
objects are slowly transformed to ordered fibers (regime II). The average fiber 
length in this regime was determined by fitting the shapes of the An curves 
(Figure 7.3) with equation (2.20) on page 17. The molecular principle magnetic 
susceptibilities were calculated by summing the susceptibilities of the individual 
chemical groups (Xxx =  Xyy =  —1-8 x 10-9 and Xzz =  —1.2 x 10-8 m3/mol) [20]
[13]. We found that on average an aggregate consists of ~5000 molecules, and
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that the aggregate size is essentially constant over time. If an intermolecular 
distance of 0.6 nm is assumed [19], this corresponds to an average fiber length 
of 2-3 /jm, which agrees reasonably well with the length found by AFM for 
C  =  10-6 M. For the lowest temperatures, the ordered fibers of regime II 
cluster together, forming a big network (regime III).
The time scale on which the conversions between consecutive regimes take 
place is slow and strongly temperature-dependent: the lower T f , the faster the 
kinetics. At Tf =  18 °C, the transformation of disordered objects to ordered 
fibers takes more than 300 h, whereas this time shortens to 50 h at 14 °C 
and to 10 h at 10 °C. These time scales are consistent with UV-vis absorbance 
measurements. Only for Tf =  18 °C was the fraction of aggregated material too 
low to observe a change in the absorbance spectrum upon aggregation. This 
further confirms the usefulness of magnetic birefringence as compared with UV- 
vis absorbance.
To summarize, cooling a monomeric solution leads to the fast formation 
of large disordered objects that are slowly converted into thermodynamically 
stable, ordered fibers, either directly or via an intermediate step of monomers. 
The conversion kinetics depends on the energetic landscape, including the bar­
riers between the monomeric-, ordered- and disordered states, each of which 
can depend on temperature in a different way, causing the unexpected inverse 
temperature dependence of the fiber formation rate.
Conclusion
In conclusion, we have used magnetic birefringence as a new, sensitive technique 
to probe the kinetics of supramolecular aggregation. We have found three con­
secutive stages for the macrocycle system: disordered objects, ordered fibers, 
and a network. The transition rate from disordered objects to ordered con­
jugated fibers is low and increases with decreasing temperature Tf.  Linking 
aggregation kinetics to molecular properties will lead to a better understanding 
of the mechanisms by which molecules self-assemble, and the use of magnetic 
fields can be a valuable tool for these studies.
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Summary
Creating new well-defined structures with a nanometer or micrometer length 
scale is of great importance, which can lead to new devices, new materials, and 
allows the study of fundamental physical phenomena. A promising approach for 
creating such structures is the use of organic molecules that spontaneously form 
higher dimensional structures in solution. The goal is to use carefully designed 
molecules to create so called supramolecular aggregates. In plain words, the 
process of supramolecular self-assembly can be compared to LEGO. LEGO  
pieces, as analogue to the organic molecular building blocks, can be designed 
to attach to each other in a unique and predictable way. By making clever 
combinations, complicated structures can be created, containing thousands of 
individual pieces.
With this process, extremely small self-repairing structures can be created 
in a relatively cheap and easily processable way. Almost any shape and size 
is possible, ranging from large spherical aggregates with a diameter in the mi­
crometer range, to small wires of only a few nanometers thin. There are many 
applications, for example in the transport of light through narrow channels, as 
miniature gas sensors or as small capsules in drug delivery systems.
In this thesis, we use magnetic fields to improve our understanding of the 
formation of supramolecular self-assemblies. Due to the anisotropic magnetic 
properties of the molecules, a supramolecular aggregate can be oriented in a 
magnetic field. The way it aligns, parallel or perpendicular to the magnetic 
field, and the field strength required for the alignment, depends on the size, 
degree of order, and the intermolecular organization of the aggregate.
We investigate the relation between environmental aspects (like temperature 
and solvent) and the shape and internal structure of the resulting aggregates, 
we influence the shape with a magnetic field, we compare the growth process 
with theoretical models and we describe the kinetics of an aggregate system. 
Understanding these aspects leads to a better understanding of the formation 
process, which will allow us to build aggregates with the desired size, shape and 
functionality.
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Chapter 2 describes the theory of aligning supramolecular aggregates in 
magnetic fields. Because of the optical anisotropy of the molecular building 
blocks, the alignment results in anisotropic refractive indices of the solution 
parallel and perpendicular to the magnetic field respectively. The presented 
theory allows us to relate the magnetic field induced birefringence to the internal 
organization, size and internal order of aggregates. It also describes the setup for 
measuring the birefringence, which is extensively used throughout this thesis.
Chapter 3 describes the use of laser light scattering as an additional tech­
nique to measure the size and shape of aggregates in solution. We describe 
the experimental setup, and give an introduction to dynamic and static light 
scattering, illustrated with some examples. In principle, no magnetic fields are 
involved in a light scattering experiment. However, in a magnetic field the 
orientational distribution function of the aggregates changes and thereby the 
diffusivity. We discuss the consequences for a light scattering experiment, and 
we show that the alignment improves the accuracy in the case of anisotropically 
shaped aggregates.
In Chapter 4 we use magnetic alignment to determine the internal organiza­
tion of elongated sexithiophene aggregates in solution, by combining small-angle 
X-ray scattering and magnetic birefringence. The different aggregate axes can 
be probed independently by performing the X-ray experiments on magnetically 
aligned aggregates. This allowed us to reveal the shape and internal aggregate 
structure: a multi-walled rigid cylinder, which is considerably different from 
aggregate types found in other solvents. This result could only be obtained 
using a combination of techniques in the presence of a magnetic field.
In addition to an induced alignment, a magnetic field can influence the mor­
phology of aggregates. A recent example is the deformation of sexithiophene 
vesicles in a magnetic field. In Chapter 5, we describe the extraordinary behav­
ior of micrometer long thiacyanine fibers in a magnetic field. In a relatively low 
magnetic field of 2 T, the fiber morphology reversibly changes from a flexible 
worm to a rigid rod. To investigate the origin of this change in flexibility, we 
have characterized the magnetic properties of the fibers, using a complemen­
tary set of techniques, including magnetic birefringence, polarized absorbance 
and small angle X-ray scattering. We find that the fibers have a 6-8 nm diam­
eter, with a brickwork molecular arrangement and that they can be aligned in 
fields in excess of 15 T. We think that the rigidification of the fibers is caused 
by a field induced change in the internal structure, rather than by the simple 
magnetic alignment of fiber segments.
Chapter 6 deals with some theoretical aspects of aggregate formation. Sev­
eral models have been developed to describe the growth of different supra­
molecular systems. We have investigated the growth mechanism of oligo (p-
phenylene-vinylene) aggregates using a complementary set of techniques: atomic 
force microscopy, dynamic light scattering, magnetic birefringence and circular 
dichroism spectroscopy We have determined the temperature dependent length 
of the chiral fibers in solution, and we have determined the relevant thermo­
dynamic parameters within a cooperative-growth model. A large number of 
techniques is essential to perform this type of study at all concentrations.
For the last chapter, we have used magnetic field induced birefringence 
as a new sensitive technique to probe the aggregation kinetics of macrocyclic 
molecules in solution. We have found three consecutive aggregation stages. 
Right after cooling a monomeric solution, we have observed the formation of 
disordered objects. These objects cannot be aligned in a magnetic field. In 
time, these objects are transformed into ordered fibers that can be aligned. 
The transition from disordered objects to ordered fibers is found to be very 
slow, taking days or weeks to complete. Waiting even longer will cause the 
ordered fibers to form a network at low temperatures. We anticipate that linking 
aggregation kinetics to molecular properties will lead to a better understanding 
of the mechanisms by which molecules self-assemble. Magnetic fields can be a 
valuable tool for these studies.

Sam envatting
Het maken van kleine structuren met een typische lengteschaal van nanome­
ters of micrometers is een interessant onderzoeksgebied. Niet alleen vanwege 
de ontwikkeling van nieuwe materialen en toepassingen, maar ook omdat deze 
structuren ons in staat stellen om natuurwetenschappelijke verschijnselen op 
een hele kleine schaal te bestuderen. Een veelbelovende strategie om deze 
nanostructuren te maken, blijkt het gebruik van organische moleculen te zijn. 
Deze kunnen in oplossing onderling bindingen aan gaan en zo een groter ob­
ject vormen, een zogeheten supramoleculair aggregaat. Vrijwel elke denkbare 
vorm en afmeting is mogelijk, variërend van micrometer grote bollen tot kleine 
draadjes van slechts enkele nanometers dik. De toepassingen hiervan zijn zeer 
divers. Voorbeelden zijn kleine transportkanaaltjes voor licht, gas sensoren of 
capsules voor het overbrengen van medicijnen. Simpel gezegd is de vorming van 
supramoleculaire aggregaten te vergelijken met LEGO , waarin de moleculen te 
vergelijken zijn met LEGO  blokjes. De blokjes zijn speciaal ontworpen zodat 
ze maar op één bepaalde manier op elkaar passen. Door slimme combinaties 
te maken kun je ingewikkelde structuren maken die wel uit duizenden blokjes 
bestaan.
Dit proefschrift beschrijft het onderzoek aan supramoleculaire structuren in 
hoge magneetvelden. Omdat de moleculen in deze structuren er, net als LEGO  
blokjes, verschillend uitzien langs de verschillende symmetrie-assen, hebben ze 
ook anisotrope magnetische eigenschappen. Hierdoor kun je de aggregaten uit­
lijnen in een sterk magneetveld. De manier van uitlijnen, bijvoorbeeld loodrecht 
of juist parallel aan de richting van het magneetveld, en de sterkte van het ben­
odigde veld, hangt af van de grootte, de mate van ordening, en de structuur in 
het aggregaat. We hebben onderzocht hoe de vorm en structuur van een aggre­
gaat afhangt van de omgevingsfactoren (bijv. oplosmiddel en temperatuur), de 
vorm beïnvloed met een magneetveld, en we hebben gekeken naar hoe snel en 
hoe lang de aggregaten groeien. Een beter begrip van deze aspecten stelt ons 
in staat om aggregaten te maken met een goed gedefinieerde afmeting, vorm en 
functionaliteit.
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Hoofdstuk 2 beschrijft de theorie van het uitlijnen van aggregaten in een 
magneetveld. Omdat de moleculen een optische anisotropie bezitten, heeft 
een oplossing met uitgelijnde aggregaten dubbelbrekende eigenschappen: de 
brekingsindices voor licht met een polarisatie parallel en loodrecht op de veld- 
richting zijn verschillend. De beschreven theorie relateert de dubbelbreking 
aan de interne structuur en het aantal moleculen in de aggregaten. Ook de 
opstelling voor het meten van dubbelbreking, die veelvuldig gebruikt is voor 
het onderzoek in dit proefschrift, staat beschreven.
Hoofdstuk 3 beschrijft het gebruik van lichtverstrooiing als aanvullende 
techniek om de vorm en afmeting van supramoleculaire aggregaten te bepalen. 
De opstelling staat beschreven, en een korte inleiding op statische- en dy­
namische lichtverstrooiing wordt gegeven, geïllustreerd met enkele voorbeelden. 
Normaal gesproken spelen magneetvelden geen rol bij lichtverstrooiingsexperi- 
menten, maar omdat de oriëntatie van de aggregaten in een magneetveld veran­
dert, kan het de resultaten van een verstrooiingsexperiment wel beïnvloeden. 
In dit hoofdstuk laten we zien dat de nauwkeurigheid van verstrooiingsexperi- 
menten vergroot kan worden door het gebruik van magneetvelden.
In Hoofdstuk 4 gebruiken we het magnetisch uitlijnen om de interne struc­
tuur van sexithiofeen-aggregaten in oplossing te bepalen, dankzij een gecombi­
neerd röntgenverstrooiings- en dubbelbrekingsexperiment. Door de gebruikte 
technieken konden we langs de verschillende assen van het aggregaat de orden­
ing bekijken. Hieruit bleek dat dat de aggregaten cilindervormig waren en uit 
verschillende concentrische lagen bestonden. Dit is een heel andere structuur 
dan die voorheen in andere oplosmiddelen was gevonden. De exacte interne 
organisatie kon allen bepaald worden dankzij de toepassing van verschillende 
technieken in een magneetveld.
Magneetvelden kunnen niet alleen gebruikt worden voor het uitlijnen van 
aggregaten, soms kan ook de vorm van een aggregaat veranderen in een veld. 
Recentelijk bleek het bijvoorbeeld mogelijk om met een magneetveld bolvormige 
aggregaten te vervormen tot ellipsoïdes. In Hoofdstuk 5 beschrijven we het bij­
zondere gedrag van thiacyanine aggregaten. In een magneetveld van slechts
2 T veranderen deze aggregaten van flexibele slierten in starre cilinders. Dit 
proces is volledig reversibel, als het magneetveld weer wordt uitgezet worden 
de fibers weer flexibel. Om dit proces van veranderde flexibiliteit beter te uit­
lijnen, hebben we de fibers in een magneetveld bestudeerd met een combinatie 
van technieken: X-ray verstrooiing, dubbelbreking en gepolariseerde absorptie. 
Hieruit blijkt dat de fibers een diameter hebben van slechts 6-8 nm, en dat de 
moleculen in de fiber geordend zitten zoals bakstenen in een gemetselde muur. 
De veranderende flexibiliteit lijkt veroorzaakt te worden door een structurele 
verandering in de fibers.
In Hoofdstuk 6 hebben we het groeiproces van oligo (p-phenylene-vinylene) 
aggregaten bestudeerd met een combinatie van verschillende technieken: AFM, 
dynamische lichtverstrooiing, magnetisch dubbelbreking en circulair dichro- 
isme. We hebben bij verschillende temperaturen de lengte bepaald, deze verge­
leken met de verschillende groeimodellen die hiervoor ontwikkeld zijn, en hieruit 
de bijbehorende thermodynamische constanten bepaald. Een beter begrip van 
dit groeiproces stelt ons in staat die groei te optimaliseren, en daarmee betere 
en complexere structuren te maken.
In het laatste hoofdstuk hebben we het magnetisch uitlijnen gebruikt om 
kinetische aspecten te meten van de vorming van macrocycle fibers in oplossing. 
We hebben gezien dat de vorming uit drie fases bestaat. Vlak na het afkoelen 
van een oplossing met macrocycle moleculen worden grote ongeordende objecten 
gevormd, die niet kunnen worden uitgelijnd met een magneetveld. Langzaam 
worden deze objecten omgezet in geordende fibers, die wel uitlijnen in een 
magneetveld. Deze omzetting duurt erg lang, en de snelheid blijkt omgekeerd 
evenredig met de temperatuur. Na nog langere tijd clusteren de fibers samen 
in een netwerk. Het is belangrijk om dit soort processen te begrijpen, omdat 
het ons in staat stelt om controle te krijgen op de tijdschaal waarop aggregaten 
worden gevormd, wat van groot belang is voor de orde van de aggregaten. 
Magneetvelden kunnen hier bij een belangrijke rol spelen.
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